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ABSTRACT:	   Despite	   the	   growth	   of	   polymer	   based	   photovoltaic	   devices	   in	   the	   past	   decade,	  
major	  challenges	  in	  devices	  performance	  improvement	  remain	  unsolved.	  To	  further	  improve	  
the	   power	   conversion	   efficiency,	   charge	   mobility	   in	   the	   active	   layer	   needs	   to	   be	   greatly	  
improved,	  and	  a	  reliable	  method	  to	  control	   the	  donor-­‐acceptor	  blend	  morphology	  to	  a	  size	  
scale	   similar	   to	   exciton	   diffusion	   length	   is	   necessary.	   Graphene	   is	   a	   novel	   material	   with	  
superior	   physical	   properties.	   In	   this	   thesis,	   graphene	   is	   prepared	   through	   a	   solution	  
exfoliation	   process	   and	   its	   dimensions	   and	   properties	   are	   characterized.	   The	   interaction	  
between	   conjugated	   polymer	   chains	   and	   graphene	   nanosheets	   is	   studied	   by	   spectroscopic	  
methods.	   The	   effect	   of	   graphene	   on	   polymer	   BHJ	   solar	   cell	   performance	   and	   OPV	   device	  
physics	   are	   discussed	  when	   relatively	   low	  weight	   fraction	  of	   graphene	   is	   introduced	   into	  a	  
modified	  P3HT:PCBM	  photovoltaic	  devices	  in	  order	  to	  improve	  OPV	  device	  properties.	  Strong	  
influence	  on	  active	   layer	  morphology	   is	   observed	  along	  with	   the	   introduction	  of	  graphene,	  
which	  also	  strongly	  contribute	  to	  OPV	  device	  performance	  improvement.	  The	  morphology	  of	  
active	   layer	   is	   systemically	   investigated	  by	  a	  variety	  of	   characterization	  methods,	   including	  
atomic	   force	   microscope	   (AFM),	   neutron	   reflectivity	   (NR),	   grazing	   incident-­‐angle	   X-­‐ray	  
diffraction	   (GIXRD).	   Some	   other	   efforts	   to	   further	   improve	   the	   film	   morphology	   are	   also	  
discussed	   in	   this	   thesis.	   The	   goal	   of	   this	   thesis	   is	   to	   demonstrate	   the	   possibility	   of	   using	  
graphene	   to	  manipulate	   the	   active	   layer	  morphology	   and	   to	   enhance	   the	   performance	   of	  
polymer	  based	  bulk-­‐heterojunction	   solar	   cells,	  which	  has	  great	  potential	   to	   replace	  current	  
generation	  of	  solar	  cells	  device.	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1. Introductions	  
	  
1.1. OPV	  and	  bulk	  heterojunction	  structure	  
	  
Solar	  energy	  has	  been	  considered	  one	  of	  the	  most	  promising	  “clean	  energy”	  candidates	  to	  
replace	   fossil-­‐based	   energy	   sources	   in	   the	   future.	   Although	   the	   earliest	   solar	   cell	   device	  
dates	  back	   to	   1954,	  when	  Chapin	   et.	   al.	   from	  Bell	   Laboratories	   developed	   the	   first	   single-­‐
crystal	   silicon	   based	   photovoltaic	   device	   [1],	   the	   development	   of	   inorganic	   solar	   cells	   had	  
been	  slow	  for	  many	  years,	  due	  to	  the	  difficulty	  in	  growing	  high	  purity	  material	  as	  well	  as	  low	  
market	  demands.	  Compared	  to	  inorganic	  solar	  cells,	  devices	  using	  organic	  material	  as	  active	  
layer	  possess	  many	  advantages:	  the	  possibility	  of	  solution	  processing	  and	  roll-­‐to-­‐roll	  printing	  
of	   active	   material	   greatly	   reduces	   the	   costs	   in	   large	   scale	   production,	   and	   the	   high	  
absorption	   coefficient	  of	  organic	  materials	   allows	  nanoscale	   active	   layer	   to	  be	  made,	   thus	  
devices	  on	  contoured	  or	  flexible	  substrates	  can	  be	  achieved.	  These	  unique	  advantages	  have	  
attracted	   tremendous	   research	   interest	   in	   the	   past	   decades,	   and	   will	   be	   even	   more	  
extensively	  studied	  with	  the	  blooming	  portable	  and	  wearable	  electronics	  industry.	  The	  first	  
generation	   organic	   photovoltaic	   device	   was	   comprised	   of	   single	   active	   layer	   sandwiched	  
between	  metal	  electrodes	  [2]	  and	  showed	  very	  low	  power	  conversion	  efficiency	  because	  it	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only	  relied	  on	  thermal	  motion	  and	  external	  voltage	  as	  driving	  forces	  for	  charge	  separation.	  It	  
was	  later	  demonstrated	  that	  compounds	  with	  prominent	  hole	  or	  electron	  affinities	  as	  well	  as	  
conducting	   capabilities	   could	   be	   prepared	   through	   chemical	   modification,	   and	   bilayer	  
devices	  of	  small	  molecule	  based	  n-­‐	  and	  p-­‐type	  semiconductors	  [3,	  4]	  were	  constructed,	  with	  
charge	  separation	  occurring	  at	  the	  interface	  (also	  called	  p-­‐n	  junction)	  between	  p-­‐type	  and	  n-­‐
type	  materials	  as	  a	  spontaneous	  process	  dictated	  by	  the	  energy	  offset.	  The	  discovery	  of	  fast	  
(sub-­‐picosecond)	  and	  efficient	  electron	  transfer	  from	  conjugated	  polymer	  to	  fullerene	  [5]	  in	  
1992	  by	  Sariciftci	  et.	  al. lead	  to	  a	  new	  generation	  of	  organic	  solar	  cell	  which	  has	  been	  widely	  
studied	  until	  today.	  Such	  “bulk	  heterojunction”	  (BHJ)	  devices	  [5-­‐10]	  are	  thus	  called	  because	  
the	  n-­‐type	  and	  p-­‐type	  semiconductors	  are	  mixed	  in	  nanoscale	  through	  the	  active	  layer	  and	  
form	   local	   p-­‐n	   junctions.	   These	   junctions	   between	   the	   two	   materials	   are	   distributed	  
throughout	  the	  active	  layer	  and	  contributing	  to	  the	  device	  performance.	  
	  
The	  working	  principle	  of	  OPV	   is	   shown	   in	  Figure	  1-­‐1.	   In	  general,	   the	  unique	   functioning	  of	  
OPV	  devices	  is	  due	  to	  the	  behavior	  of	  electron-­‐hole	  pairs	  (excitons)	  that	  are	  generated	  in	  n-­‐
type	   semiconductor	   (also	   called	   electron	   donor).	   Upon	   illumination	   by	   electromagnetic	  
radiation	   with	   certain	   wavelength	   range,	   electrons	   at	   ground	   state	   (Highest	   Occupied	  
Molecular	  Orbital,	  HOMO,	  Figure	  1-­‐1(a))	  acquire	  excess	  energy	  and	  able	  to	  move	  to	  a	  higher	  
lever	  (Lowest	  Unoccupied	  Molecular	  Orbital,	  LOMO),	  leaving	  positively	  charged	  holes	  on	  the	  
HOMO	  level,	  as	  shown	  in	  Figure	  1-­‐1(b).	  The	  electron-­‐hole	  pair	  is	  strongly	  bound	  by	  columbic	  
force	  and	  is	  called	  exciton.	  The	  required	  wavelength	  to	  excite	  electron	  from	  HOMO	  to	  LUMO	  
is	   dictated	   by	   the	   energy	   gap,	   i.	   e.	   the	   difference	   between	   HOMO	   and	   LUMO	   of	   donor.	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Exciton	  can	  then	  diffuse	  inside	  the	  donor	  (Figure	  1-­‐1(c))	  and	  if	  the	  n-­‐type	  material	  (electron	  
acceptor)	  has	  a	  lower	  LUMO	  level,	  and	  the	  difference	  of	  LUMOdonor	  and	  LUMOacceptor	  is	  larger	  
than	  the	  exciton	  binding	  energy	   (~0.3	  eV,	  shown	   in	  Figure	  1-­‐1(d)),	  exciton	  dissociation	  can	  
occur	  at	   the	  donor-­‐acceptor	   interface.	  During	   this	  process,	   the	  columbic	  bonding	  between	  
electron	  and	  hole	   is	  overcome	  by	  the	  LUMO	  offset,	  and	  it	  becomes	  energetically	  favorable	  
for	  electrons	  to	  transfer	  to	  the	  LUMO	  of	  acceptor,	  while	  holes	  remain	  in	  the	  donor,	  as	  shown	  
in	  Figure	  1-­‐1(d).	  The	  free-­‐moving	  electrons	  and	  holes	  are	  then	  transported	   in	  the	  acceptor	  
phase	  and	  donor	  phase,	  respectively,	  towards	  electrodes	  and	  get	  collected.	  Due	  to	  the	  short	  
lifetime	  of	  excitons	  (500-­‐800	  ps	  for	  singlet	  states),	  they	  are	  only	  capable	  of	  traveling	  for	  5-­‐15	  
nm	   [11]	   before	   they	   recombine	   and	   release	   energy	   in	   the	   form	  of	   light	   (luminescence)	   or	  
phonons	   [12],	   thus	   it	   became	   a	   critical	   factor	   that	   how	   easy	   excitons	   can	   reach	   a	   nearby	  
donor-­‐acceptor	  interface	  during	  their	  lifetime,	  which	  also	  strongly	  affects	  the	  overall	  photo-­‐
to-­‐charge	   conversion	   efficiency.	   The	   major	   improvement	   of	   BHJ	   device	   as	   compared	   to	  
bilayer	  device	   is	  that,	  due	  to	  the	  nanoscale	  mixing,	  a	   large-­‐area,	  stable	   interface	   is	  created	  
between	   the	   two	   materials.	   Since	   this	   interface	   is	   within	   reachable	   distance	   for	   most	  
excitons,	   the	   probability	   of	   excitons	   diffusing	   to	   the	   interface	   and	   getting	   dissociated	   is	  
greatly	   increased,	   compared	   to	   the	   small	   chance	   that	   exciton	   will	   survive	   after	   diffusing	  
through	  the	  donor	  layer	  to	  reach	  the	  interface	  in	  bilayer	  OPV	  devices.	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Figure	  1-­‐1.	  Working	  principle	  of	  BHJ	  solar	  cells:	  (a)	  electrons	  at	  ground	  state	  without	  illumination;	  (b)	  
exciton	  generation	  upon	  solar	  radiation;	  (c)	  exciton	  diffusion	  to	  donor-­‐acceptor	  interface;	  (d)	  exciton	  
dissociation	  by	  the	  LUMO	  energy	  offset.	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The	   active	   layer	   of	   a	   typical	   BHJ	   OPV	   device	   consist	   of	   a	   matrix	   of	   conjugated	   polymer	  
serving	  as	  electron	  donor,	  and	  a	  small-­‐molecule	  acceptor	  such	  as	  C60	  fullerene	  embedded	  in	  
the	   matrix.	   As	   a	   result,	   the	   scale	   of	   mixing,	   or	   the	   size	   of	   phase-­‐separated	   polymer	   and	  
fullerene	  domains,	  becomes	  a	  critical	  factor	  for	  the	  device	  performance	  since	  it	  determines	  
the	   specific	   interfacial	   area	   for	  a	  given	  amount	  of	   active	  material	   and	   the	  effectiveness	  of	  
exciton	  dissociation.	  Device	  efficiency	  is	  also	  impacted	  by	  the	  charge	  transport	  through	  the	  
active	   layer	   following	   exciton	   dissociation,	   which	   requires	   the	   existence	   of	   continuous	  
pathways	  for	  electron	  transport	   (through	  the	  fullerene	  phase)	  and	  hole	  transport	   (through	  
polymer	   phase)	   to	   their	   respective	   electrodes.	   Ideally,	   best	   performance	   occurs	   via	  
overlapping	  π	  orbitals	   of	   adjacent	  molecules,	   such	   that	  hole	   transport	   is	   uninterrupted	  by	  
charge	  traps	  [13,	  14].	  Crystallization	  of	  the	  polymer	  leads	  to	  such	  overlaps	  [15],	  and	  to	  better	  
conduction	  due	  to	  ordered	  dipole	  orientations.	   It	  has	  been	  established	  experimentally	  that	  
the	   gross	  morphology	   in	   polymer:	   fullerene	   solar	   cells	   influences	   charge	  mobility	   and	   the	  
final	  efficiency	  [16-­‐21]	  of	  the	  device,	  since	  the	  alignment	  of	  polymeric	  entities,	  the	  stacking	  
of	   molecules	   in	   crystalline	   conformations,	   and	   the	   development	   of	   interpenetrating	  
networks	   of	   polymer	   and	   fullerene	   is	   crucial	   to	   charge	   transport	   [15,	   22-­‐26].	   Although	  
numerous	  studies	  have	  focused	  on	  how	  material	  properties	  and	  processing	  methods	  could	  
influence	   the	   device	   performance	   by	   altering	   active	  morphology,	   especially	   on	   developing	  
highly	   orientated	   conjugated	   polymer	   chains	   through	   self-­‐assembly	   during	   thermal	  
annealing	  [27,	  28]	  or	  solvent	  annealing	  [29,	  30]	  ,	  the	  nature	  of	  morphologies	  at	  the	  interface	  
between	  the	  donor	  and	  acceptor	  phases,	  the	  role	  of	  temperature,	  solvent,	  functional	  groups	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and	   molecular	   weight	   in	   influencing	   these	   morphologies,	   and	   the	   exact	   mechanisms	   by	  
which	  the	  structure	  develops	  are	  not	  completely	  clear	  [17,	  20,	  31-­‐37].	  	  
	  
1.2. P3HT:PCBM	  bulk	  heterojunction	  device	  
	  
A	  variety	  of	  conjugated	  polymers	  have	  been	  used	  to	  construct	  polymer	  based	  photovoltaic	  
devices,	   including	  polyacetylene	   [38],	   functionalized	  poly(p-­‐phenylene	  vinylene)	   (PPV)	   [39],	  
and	   polythiophenes	   (PT)	   (specifically,	   poly-­‐3-­‐hexylthiophene	   (P3HT),	   structure	   shown	   in	  
Figure	  1-­‐2(a))	  [40,	  41].	  Thiophene-­‐based	  polymers	  have	  attracted	  much	  interest	  [2,	  31],	  due	  
to	   their	   relatively	   low	   band-­‐gap	   (~2.0eV),	   high	   hole	  mobility	   (~10-­‐3-­‐10-­‐4cm2V-­‐1s-­‐1)	   [42]	   and	  
strong	   absorption	   in	   UV-­‐Vis	   range	   of	   solar	   spectrum.	   The	   present	   generation	   of	   BHJ	   OPV	  
devices	  typically	  use	  the	  regioregular	  P3HT	  as	  the	  active	  material,	  which	  is	  then	  blended	  with	  
equal	   weight	   of	   fullerene	   derivative	   such	   as	   (6,6)-­‐phenyl-­‐C61-­‐butyric	   acid	   methyl	   ester	  
(PC61BM),	  structure	  of	  which	   is	  shown	  in	  Figure	  1-­‐2(b).	  Different	  attempts	  to	  maximize	  the	  
power	  output	  of	  P3HT:PCBM	  active	  blend	  have	  been	  reported,	  including	  the	  optimization	  of	  
active	   layer	  morphology	   by	  manipulating	   the	   thermal	   annealing	   procedures	   [22,	   43],	   and	  
altering	  the	  device	  structure	  by	  reversing	  the	   layer	  sequence[44]	  or	   inserting	  an	  additional	  
layer[44,	  45],	  and	  high	  performance	  polymer/fullerene	  BHJs	  with	  efficiency	  around	  5%	  can	  
be	  achieved.	  However,	  the	  scopes	  for	  improvement	  in	  P3HT:PCBM	  BHJ	  devices	  are	  limited.	  	  
Since	   50%:50%	  weight	   ratio	   of	   P3HT:PCBM	   is	   adopted	   in	  most	   devices	   in	   order	   to	   form	  a	  
uniformly	  interpenetrating	  two-­‐phase	  blend,	  the	  majority	  of	  fullerene	  present	   in	  the	  active	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layer	  is	  not	  for	  harvesting	  solar	  radiation,	  but	  for	  the	  formation	  of	  uninterrupted	  pathways	  
to	   transport	   free	   charges.	   It	   has	   been	   shown	   that	   effective	   exciton	   dissociation	   can	   be	  
achieved	   at	   PCBM	   concentrations	   as	   low	   as	   10%	   by	   weight,	   as	   indicated	   by	   complete	  
photoluminescence	   quenching,	   but	   device	   performance	   reaches	   maximum	   at	   about	   50%	  
PCBM	   by	   weight	   since	   this	   is	   the	   point	   where	   charge	   transport	   is	   maximized	   via	   the	  
formation	   of	   percolating	   pathways.	   	   The	   motivations	   of	   this	   research	   came	   from	   the	  
hypothesis	   that	   the	   inherent	   disadvantages	   of	   50%:50%	   P3HT:PCBM	   device	   could	   be	  
overcome	  if	  the	  majority	  of	  PCBM	  phase	  can	  be	  replaced	  by	  a	  novel	  material	  with	  same	  or	  
even	  better	  charge	  conductivity	  as	  compared	  to	  PCBM,	  as	  well	  as	  large	  enough	  aspect	  ratio	  
in	  order	  to	  achieve	  percolation	  through	  active	  layer	  at	  low	  doping	  ratio,	  so	  that	  more	  P3HT	  
can	  be	  involved	  in	  the	  active	  layer	  in	  order	  to	  capture	  solar	  energy.	  
	  	  	  	  	  	  	  	  	  
	  
	  	  	  	  	  	  	  	  	  
Figure	  1-­‐2.	  Structures	  of	  (a)	  P3HT	  and	  (b)	  PCBM.	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1.3. Graphene	  in	  OPV	  application	  
	  
Graphene	   is	   an	   allotrope	   of	   carbon	   with	   sp2	   bonds	   in	   the	   form	   of	   a	   two-­‐dimensional	  
honeycomb	   lattice	   formed	   from	   two	   interpenetrating	   triangular	   sub	   lattices[46].	   It	   is	  
essentially	   a	   monolayer	   sheet	   of	   carbon	   atoms	   with	   a	   thickness	   of	   about	   0.35nm	   which	  
consists	  of	  percolating	  sets	  of	  π-­‐conjugated	  bonds	  that	  stretch	  from	  one	  end	  of	  the	  sheet	  to	  
another,	   and	   charge	   transport	   within	   this	   phase	   is	   highly	   facilitated	   because	   of	   the	  
delocalization	  of	  the	  electron	  (or	  hole)	  wave	  function	  [46].	  The	  unique	  structure	  of	  graphene	  
gives	   rise	   to	   ambipolar,	   temperature-­‐independent	   theoretical	   charge	   carrier	   mobility	  
exceeding	  10,000	  cm2V-­‐1s-­‐1	  [47],	  which	  is	  at	   least	  four	  orders	  of	  magnitude	  higher	  than	  the	  
electron	  mobility	  measured	  from	  pure	  PCBM	  at	  room	  temperature	  [48].	  	  
	  
The	  unique	  aspect	  ratio	  and	  superior	  charge	  mobility	  makes	  graphene	  an	  excellent	  candidate	  
for	   OPV	   application.	   In	   fact,	   there	   have	   been	   a	   few	   attempts	   at	   using	   graphene	   as	   a	  
component	  of	  the	  active	  layer	  in	  OPVs.	  Liu	  et.	  al.	  fabricated	  BHJ	  devices	  based	  on	  P3HT	  and	  
chemically	   functionalized	   graphene	   oxide	   (GO)	   compatible	  with	   organic	   solvents	   [49].	   The	  
best	  performance	  of	  1.1%	  efficiency	  was	  observed	  in	  cells	  with	  approximately	  10%	  of	  GO	  by	  
weight,	  although	  it	  is	  surprising	  that	  this	  level	  of	  performance	  could	  be	  obtained	  by	  using	  GO,	  
with	  its	  substantially	  lower	  charge	  mobility	  than	  pristine	  graphene[50,	  51].	  In	  functionalized	  
graphene	   oxide,	   both	   oxidization	   and	   chemical	   modification	   of	   graphene	   interrupt	   the	  
conjugated	   sp2	  hybridized	   carbon	  network,	  due	   to	   the	   introduction	  of	   sp3	  hybridization	  on	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the	  functionalized	  carbon	  atoms.	  Hence,	  each	  graphene	  sheet	  now	  consists	  of	  independent	  
highly	   conductive“islands”,	   but	   the	   in-­‐plane	   conductivity	   is	   strongly	   suppressed	   since	  
these	   islands	   are	   isolated	   by	   sp3	   	   hybridized	   carbon	   atoms,	   as	   compared	   with	   pristine	  
monolayer	  graphene.	  Yang	  et.	  al.	   [52]	  showed	  that	  nanocomposite	  consisting	  of	  P3HT	  and	  
reduced	   graphene	   oxide	   (RGO)	   could	   successfully	   be	   prepared	   due	   to	   the	   favorable	   π-­‐π	  
interactions	   between	   the	   thiophene	   rings	   and	   graphene.	   Their	   systems	   also	   exhibited	  
pronounced	  photoluminescence	  (PL)	  quenching,	  demonstrating	  efficient	  exciton	  dissociation.	  
Hill	   et.	   al.	   [53]	   also	   used	   GO	   in	   solar	   cells,	   reporting	   efficiencies	   about	   three	   orders	   of	  
magnitude	  lower	  than	  that	  of	  devices	  utilizing	  PCBM.	  Yu	  et.	  al.	  employed	  graphene	  in	  OPV	  
devices	  in	  two	  ways:	  first,	  by	  chemically	  grafting	  chains	  of	  P3HT	  onto	  RGO	  [54],	  bilayer	  cells	  
showed	   efficiencies	   of	   about	   0.6%;	   second,	   a	   lithiation	   reaction	   was	   used	   to	   covalently	  
attach	   mono-­‐substituted	   fullerene	   onto	   graphene	   nanosheets	   [55],	   which	   were	   then	  
dispersed	   in	   solvent	  at	   a	   concentration	  of	   about	  12	  wt%	  and	   spin-­‐cast	   into	  BHJ	   solar	   cells	  
with	  1.2%	  efficiency.	  A	  recent	  study	  by	  Robaeys	  et.	  al.	  shows	  that	  device	  power	  conversion	  
efficiency	   increased	   by	   15%	   when	   0.02	   mg/mL	   graphene	   is	   added	   into	   10:8	   P3HT:PCBM	  
device.	   However,	   the	   charge	   mobility	   from	   FET	   device	   containing	   graphene	   shows	   that	  
electron	  mobility	   decreased	   by	   50%	  while	   hole	  mobility	   increased	   by	   30%,	   indicating	   the	  
existence	  of	  charge	  traps	  and	  the	  approach	  is	  not	  efficient	  in	  maintaining	  single	  layer	  state	  of	  
pristine	   graphene	   sheets,	   without	   the	   addition	   of	   surfactant	   [56].	   Other	   efforts	   on	   using	  
conjugated	  carbon-­‐based	  nanomaterials	  include	  the	  application	  of	  carbon	  nanotube	  (CNT)	  in	  
solar	   cells	   devices.	   Since	  CNTs	   shares	   a	   very	   similar	   sp2	   carbon	   structure	   to	   graphene	   and	  
thus	  high	  charge	  conductivity,	  it	  is	  another	  potential	  nanomaterial	  to	  be	  used	  to	  improve	  the	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performance	  of	  polymer	  solar	  cells.	  Both	  Kymakis	  et	  al.	  [57]	  and	  Nam	  et	  al.	  [58]	  fabricated	  
BHJ	   devices	   using	   50%:50%	   P3HT:PCBM	   blended	   with	   single-­‐walled	   carbon	   nanotube	  
(SWCNT)	   and	   observed	   significant	   PCE	   increase	   at	   0.5%	   SWCNT	   load.	   Kymakis	   et	   al.	   also	  
demonstrated	   that	   effective	   charge	   mobility	   (μeff)	   was	   increased	   by	   50	   times	   when	   1%	  
SWCNT	  was	  mixed	  into	  P3OT	  [59].	  Li	  et	  al.	  prepared	  a	  complex	  using	  C60	  and	  functionalized	  
multi-­‐walled	  carbon	  nanotubes	  (MWCNT)	  [60]	  and	  OPV	  device	  using	  C60-­‐MWCNT	  as	  acceptor	  
showed	  doubled	  efficiency	  as	  compared	  to	  that	  used	  prestine	  C60	  as	  acceptor,	  attributing	  to	  
rapid	  charge	  transfer	  between	  the	  covalently	  bonded	  C60	  and	  CNT.	  	  
	  
Although	   none	   of	   these	   published	   BHJ	   device	   efficiency	   values	   are	   comparable	   to	   that	   of	  
state-­‐of-­‐the-­‐art	   50%:50%	   P3HT:PCBM	   device,	   graphene	   has	   shown	   promising	   effect	   on	  
improving	   the	   properties	   of	   P3HT:PCBM	   blend	   layer.	   The	   role	   of	   graphene	   in	   exciton	  
dissociation	   in	   P3HT:PCBM	   system	   can	   be	   described	   in	   two	   approaches:	   Charge	   transfer	  
through	   the	   traditional	   diffuse-­‐dissociation-­‐transport-­‐collection	   routine,	  which	   is	   similar	   to	  
what	   occurs	   in	   P3HT:PCBM	   system,	   or	   the	   Forster	   resonance	   energy	   transfer	   (FRET)	  
mechanism.	  Single	  layer	  graphene	  (SLG)	  has	  a	  tunable	  work	  function	  of	  -­‐4.5~-­‐4.8	  eV,	  which	  
lays	  between	  the	  LUMO	  level	  of	  PCBM	  and	  the	  HOMO	  level	  of	  P3HT	  [61,	  62]	  (Figure	  1-­‐3).	  The	  
energy	   level	   offset	   between	   LUMO	  of	   P3HT,	   LUMO	  of	   PCBM	  and	   graphene	  work	   function	  
allows	  three	  types	  of	  electron	  transfer	  in	  the	  P3HT:PCBM:graphene	  ternary	  blend,	  i.e.	  from	  
P3HT	  to	  PCBM,	  from	  PCBM	  to	  graphene,	  or	  directly	  from	  P3HT	  to	  graphene.	  The	  third	  type	  is	  
most	  energy	  favorable	  due	  to	  the	  large	  energy	  offset	  (equal	  or	  greater	  than	  1.2eV),	  and	  the	  
large	  aspect	   ratio	  of	   single	   layer	  graphene	  provides	  enough	   interfacial	   area	   for	   the	  charge	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transfer	   to	  happen,	  which	  will	  be	  demonstrated	   in	   the	  next	  chapter.	  For	   the	  same	  reason,	  
holes	  are	  transferred	  from	  PCBM	  to	  P3HT,	  from	  P3HT	  to	  graphene,	  or	  directly	  from	  PCBM	  to	  
graphene.	  The	  high	  electron	  and	  hole	  mobility	  make	  graphene	  an	  excellent	  channel	  for	  both	  
electron	  and	  hole	   transport	   after	   exciton	  dissociation.	  Although	   the	   charge	   recombination	  
mechanism	   may	   be	   affected	   due	   to	   the	   simultaneous	   electron	   and	   hole	   transport	   in	  
graphene	  phase,	   the	  superior	  physical	  property	  of	  graphene	  still	  provides	  significant	  scope	  
for	  improved	  exciton	  dissociation.	  	  
	  
Figure	  1-­‐3.	  Energy	  diagram	  of	  P3HT:PCBM:graphene	  blend.	  	  
	  
Resonance	  energy	  transfer	  by	  dipolar	  interaction	  can	  be	  described	  by	  Forster	  rate	  equation	  
[63]:	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κτD=(R0/r)6	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In	  Equation	  1-­‐1,κ	   is	   the	  Forster	  energy	   transfer	   rate,	  τD	   is	   the	  exciton	   lifetime,	  R0	   is	   the	  
Forster	  radius	  defined	  by	  the	  distance	  where	  the	  transfer	  rate	  is	  equal	  to	  the	  decay	  rate,	  and	  
r	  is	  the	  donor-­‐acceptor	  distance.	  According	  to	  the	  research	  done	  by	  Coffey	  et.	  al.	  [64],	  which	  
examined	   the	   two-­‐step	   exciton	   charge	   generation	   process	   through	   FRET	   in	   bilayer	  
P3HT:PCBM	  system,	  two	  important	  facts	  are	  worth	  addressing:	  1.	  After	  completely	  blocking	  
the	  traditional	  diffuse-­‐dissociation-­‐transport	  type	  charge	  generation	  by	  placing	  a	  N,N-­‐bis(3-­‐
methylphenyl)-­‐N,N-­‐diphenylbenzidene	   (TPD)	   layer	   of	   varies	   thickness	   between	   P3HT	   and	  
PCBM	   layer,	   the	   trilayer	   device	   still	   shows	   decent	   external	   quantum	   efficiency	   (EQE),	  
indicating	   charge	  generation	   through	  FRET	   is	   playing	  an	   important	   role	   in	   the	   total	   device	  
performance;	  2.	  The	  calculated	  Forster	  critical	  radius	  is	  3	  nm	  for	  κτD=(R0/r)6	  dependence	  and	  
9	  nm	  for	  κτD=(R0/r)3	  dependence	  in	  P3HT:PCBM,	  which	  is	  very	  close	  to	  the	  commonly	  agreed	  
exciton	  diffusion	  length	  (5~15	  nm).	  As	  a	  result,	  despite	  FRET	  is	  generally	  considered	  a	  type	  of	  
long-­‐range	  interaction	  that	  does	  not	  require	  close	  contact	  of	  donor	  and	  acceptor	  for	  hopping	  
to	  happen,	  in	  the	  case	  of	  P3HT:PCBM	  system,	  average	  donor-­‐acceptor	  distance	  of	  ~10	  nm	  is	  
required	   for	  both	  exciton	  dissociation	  and	  FRET	   to	  occur,	  and	   the	  active	   layer	  morphology	  
and	  P3HT	  and	  PCBM	  domain	  size	  will	   still	  be	  critical	   factor	  dictating	  the	  charge	  generation	  
process.	  It	  is	  also	  worth	  noting	  that	  the	  FRET	  rate	  is	  proportional	  to	  the	  overlapping	  between	  
the	  donor	  emission	  spectrum	  and	  acceptor	  absorption	  spectrum,	  and	  FRET	  mechanism	  may	  
not	   contribute	   much	   to	   the	   traditional	   P3HT:PCBM	   BHJ	   device	   since	   the	   spectrum	  
overlapping	  is	  relatively	  small.	  In	  comparison,	  graphene	  has	  uniform	  absorbance	  almost	  over	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the	   whole	   spectrum,	   and	   improved	   FRET	   rate	   as	   well	   as	   increased	   critical	   FRET	   radius	  
between	  P3HT:PCBM	  and	  graphene	  will	  become	  another	  advantage	  of	  using	  graphene	  in	  the	  
device.	  	  	  	  
While	  a	  lot	  of	  advantages	  will	  be	  brought	  by	  adopting	  graphene	  in	  P3HT:PCBM	  BHJ	  devices,	  	  
some	   challenges	   were	   also	   revealed	   by	   various	   research	   groups,	   including	   poor	   charge	  
mobility	   caused	   by	   functionalization	   and	   difficulty	   in	   preventing	   the	   agglomeration	   of	  
pristine	   graphene	   in	  polymer	  phase.	   The	   fundamental	   problem	   still	   remained	  unsolved:	   in	  
each	  of	  these	  cases,	  the	  acceptor	  phase	  still	  occupy	  about	  half	  of	  the	  volume	  of	  the	  active	  
layer,	  without	  taking	  advantage	  of	  the	  aspect	  ratio	  of	  graphene	  and	  involving	  more	  P3HT	  to	  
harness	  solar	  radiation.	  
	  
1.4. Strategies	  of	  research	  
	  
In	   this	   thesis,	   a	   modified	   structure	   of	   P3HT:PCBM	   photovoltaic	   devices	   with	   substantially	  
reduced	  ratio	  of	  PCBM	  (10:1	  w/w	  P3HT:PCBM)	  will	  be	  adopt,	  in	  order	  to	  maximize	  the	  P3HT	  
ratio	   as	   well	   as	   ability	   to	   capture	   solar	   radiation	   in	   the	   ~200	   nm	   thick	   active	   layer,	   but	  
without	   losing	  the	  capacity	  of	  complete	  exciton	  dissociation.	  So	   far,	  we	  have	  not	  seen	  any	  
other	   publication	   focusing	   on	   improving	   OPV	   performance	   with	   a	   10:1	   w/w	   ratio	  
P3HT:PCBM.	   	   It	   is	   expected	   that	   at	   this	   reduced	   ratio,	   the	   continuous	   network	   of	   PCBM	  
might	   be	   interrupted	   and	   can	   no	   longer	   provide	   effective	   pathways	   for	   charge	   carrier	  
transport.	   	   A	   small	   fraction	   of	   pristine	   graphene	   is	   thus	   incorporated	   into	   the	   10:1	   w/w	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P3HT:PCBM	  matrix	  in	  order	  to	  compensate	  the	  loss	  in	  charge	  transport	  properties	  in	  active	  
layer.	  We	  also	  expect	  that	  graphene	  could	  act	  as	  the	  second	  acceptor	  material	  in	  the	  blend,	  
due	   to	   its	   strong	   electron	   affinity,	   and	   adding	   graphene	   will	   further	   improve	   exciton	  
dissociation,	  by	  either	  traditional	  one-­‐step	  exciton	  dissociation	  or	  charge	  generation	  through	  
FRET.	   The	   goal	   of	   this	   study	   is	   to	   improve	   and	   optimize	   P3HT:PCBM	   OPV	   device	   power	  
conversion	  efficiency	  and	  to	  unveil	  the	  effects	  of	  graphene	  on	  the	  OPV	  system	  by	  studying	  
device	  performance	  and	  nanoscale	  morphology	  of	  P3HT:PCBM:graphene	  active	  layer.	  Since	  
the	  morphology	   is	  directly	  shaped	  under	  specific	   fabrication	  conditions,	   it	  has	  been	  one	  of	  
the	  most	  important	  topic	  in	  OPV	  research	  community	  to	  visualize	  the	  nanoscale	  morphology	  
and	  associate	  it	  with	  exciton	  dissociation,	  charge	  transport	  and	  charge	  carrier	  recombination	  
process,	  in	  order	  to	  establish	  a	  repeatable	  fabricating	  procedure	  that	  leads	  to	  optimal	  device	  
performance.	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2. Graphene	  preparation	  and	  properties	  
2.1. Materials	  
Several	  different	  grades	  of	  graphene-­‐based	  materials	  have	  been	  used	  through	  this	  research,	  
including	   pristine	   graphene	  monolayer	   flakes	   and	   chemically	  modified	   graphene,	   to	   study	  
the	  chemical	  and	  physical	  property	  difference	  and	  required	  processing	  conditions.	  
Graphene	  oxide	   (GO,	   dry	   flakes)	  was	   purchased	   from	  Graphene	   Laboratory	   Inc.	   Thermally	  
reduced	   graphene	   oxide	   (RGO,	   dry	   powder)	   was	   purchased	   from	   ACS	   Materials.	   Nature	  
graphite	  flakes	  (-­‐10	  mesh)	  and	  graphite	  powder	  (-­‐300	  mesh	  and	  -­‐325	  mesh)	  were	  purchased	  
from	   Alfa	   Aesar,	   corresponding	   to	   average	   particle	   size	   of	   2000	   μm,	   50	   μm	   and	   44	   μm,	  
respectively.	   Pristine	   graphene	   (PG)	   monolayer	   flakes	   (~550	   nm	   average	   diameter)	   was	  
purchased	  from	  Graphene	  Laboratory	  Inc.	  in	  the	  form	  of	  0.001	  mg/mL	  suspension	  in	  ethanol.	  
PG	  was	  from	  a	  CVD	  process	  and	  was	  used	  in	  the	  earlier	  stage	  of	  the	  research	  since	  it	  was	  the	  
only	  available	  source.	  We	  switched	  to	  solution	  exfoliated	  graphene	  (SEG)	  which	  has	  similar	  
quality,	  due	  to	  the	  increased	  demand	  and	  price	  of	  PG.	  
Poly(3,4-­‐ethylenedioxythiophene):	  poly(styrenesulfonate)	  (PEDOT:PSS)	  solution	  (Clevios	  P	  VP	  
AI	   4083,	   ~16%	  wt	   solid	   content)	   was	   purchased	   from	   Heraeus.	   P3HT(	   ~98%	   regioregular,	  
Mn~50,000)	  was	  purchased	  from	  Rieke	  Metals.	  PCBM	  (>99.5%	  purity)	  was	  purchased	  from	  
Nano-­‐C.	  Water	  soluble	  Poly(2-­‐(3-­‐thienyl)ethyloxy-­‐4-­‐butylsulfonate)	  sodium	  salt	  (PTEBS)	  was	  
purchased	   from	   American	   Dye	   Source	   Inc.	   All	   materials	   were	   used	   as	   received	   unless	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mentioned	  otherwise.	  Most	  organic	  solvents	  are	  purchased	  from	  Fisher	  Scientific	  or	  Sigma-­‐
Aldrich.	  
	  
2.2. Solution	  exfoliation	  process	  of	  graphite	  	  
A	   liquid	   exfoliation	   procedure	   similar	   to	   that	  mentioned	   by	   Oyer	   et.	   al.	   [65]	   was	   used	   to	  
convert	  nature	  graphite	  powder	  directly	  into	  graphene.	  The	  steps	  of	  the	  solution	  exfoliation	  
procedure	   are	   shown	   in	   Figure	   2-­‐1.	   Nature	   graphite	   powder	   was	   mixed	   with	   equimolar	  
C6H6/C6F6	   solvent	   to	   form	   3	   mg/mL	   concentration	   graphite	   suspension.	   The	   unique	  
molecular	   structure	   of	   C6H6/C6F6	   equimolar	   mixture	   allows	   it	   to	   first	   intercalate	   between	  
graphene	   sheets	   by	   adsorption,	   then	   self-­‐assemble	   into	   highly	   ordered	   structure	   on	   both	  
sides	  of	  graphene	  sheets,	  preventing	  graphene	  from	  stacking	  back	  into	  graphite	  [65].	  After	  6	  
hours	   of	   sonication	   in	   a	   35	   °C	   water	   bath,	   the	   graphite	   suspensions	   formed	   mixtures	   of	  
exfoliated	  graphene	  and	  large	  unexfoliated	  graphite.	  In	  order	  to	  separate	  the	  graphene	  from	  
graphite,	  the	  suspensions	  were	  kept	  still	  in	  the	  water	  bath	  overnight	  to	  let	  large	  unexfoliated	  
graphite	  powder	  settle	  down.	  The	  supernatant	  was	  moved	  into	  a	  1.5	  mL	  centrifuge	  tube	  and	  
centrifuged	  for	  20s	  at	  14000rpm	  to	  further	  remove	  large	  multilayer	  graphene	  flakes.	  The	  UV-­‐
Vis	   absorption	   of	   the	   supernatant	  was	  measured	   and	   the	   graphene	   concentration	   can	   be	  
determined	   by	   comparing	   the	   absorption	   intensity	   with	   that	   of	   a	   standard	   graphene	  
suspension	  with	   known	  concentration.	  After	   that,	   the	   supernatant	  was	  mixed	  with	  proper	  
amount	   of	   dichlorobenzene	   (DCB)	   containing	   1	   mg/mL	   P3HT,	   sonicated	   for	   1	   hour	   and	  
stirred	   overnight	   at	   50	   °C.	   The	   P3HT	   is	   considered	   to	   be	   a	   necessary	   surfactant	   for	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maintaining	  the	  stability	  of	  graphene	  suspension	  in	  the	  DCB	  since	  the	  π-­‐π	  stacking	  between	  
the	   conjugated	   structures	   of	   P3HT	   chains	   and	   sp2	   hybridized	   graphene	   leads	   to	   physical	  
adsorption	  of	   the	  P3HT	  backbones	  onto	  graphene	   surface,	  while	   the	  highly	   solvated	  hexyl	  
side	   chains	   prevent	   exfoliated	   graphene	   from	   forming	   aggregations.	   This	   P3HT	   surfactant	  
effect	  in	  graphene	  stabilization	  has	  also	  been	  proved	  effective	  through	  both	  experiments	  [52]	  
and	  simulations	  [66].	  (Details	  of	  my	  work	  on	  P3HT-­‐graphene	  interactions	  will	  be	  discussed	  in	  
Chapter	  2.4).	   The	   solution	   is	   then	  heated	   to	  80	   °C	   in	  a	  water	  bath	   to	  evaporate	  C6H6/C6F6	  
mixed	  solvent	  completely	  from	  DCB.	  The	  concentration	  of	  the	  final	  graphene	  suspension	  can	  
be	   controlled	   by	   adjusting	   the	   volume	   ratio	   of	   graphene	   supernatant	   (with	   measured	  
concentration)	  and	  DCB.	  The	  graphene	  suspension	  from	  this	  liquid	  exfoliation	  process	  will	  be	  
referred	  to	  as	  Solution	  Exfoliated	  Graphene	  (SEG)	  in	  the	  rest	  of	  this	  thesis.	  
	  
Figure	  2-­‐1.	  Schematic	  illustration	  of	  liquid	  exfoliation	  process	  of	  graphite.	  
	  
To	  investigate	  the	  effect	  of	  graphite	  flake	  size	  on	  dimensions	  of	  the	  SEG	  nanosheets,	  three	  
grades	  of	  graphite	  were	  used	  in	  solution	  exfoliation	  process:	  -­‐10	  mesh,	  -­‐300	  mesh	  and	  -­‐325	  
mesh.	   After	   6	   hours	   of	   sonication	   in	   C6H6/C6F6	   mixed	   solvent,	   different	   appearance	   was	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observed	   from	   the	   suspensions,	   as	   can	   be	   seen	   in	   Figure	   2-­‐2.	   It	   is	   clear	   that	   stability	   and	  
conversion	   yield	   strongly	  depends	  on	   the	   initial	   graphite	   size,	   since	   -­‐300	  mesh	   suspension	  
(Figure	  2-­‐2,	  right)	  shows	  the	  best	  stability	  and	  -­‐10	  mesh	  sample	  (Figure	  2-­‐2	  left)	  seems	  barely	  
converted,	  with	  visible	  large	  flakes	  in	  the	  solution.	  The	  three	  suspensions	  were	  left	  unstirred	  
overnight	  and	  the	  supernatant,	  which	  consists	  of	  graphene	  and	  some	  unexfoliated	  graphite,	  
was	  then	  transferred	  into	  a	  1.5	  mL	  centrifuge	  tube	  and	  centrifuged	  for	  20	  min	  at	  14000	  rpm,	  
to	   make	   sure	   all	   graphene	   formed	   sediment	   after	   this	   process.	   The	   sediment	   was	   then	  
redispersed	  in	  tetrahydrofuran	  (THF),	  forming	  stable	  suspensions	  with	  light	  grey	  to	  dark	  grey	  
colors,	  as	  shown	  in	  Figure	  2-­‐3.	  -­‐300	  mesh	  graphite	  lead	  to	  darkest	  suspension,	  suggesting	  the	  
highest	   conversion	   yield.	   The	   particle	   size	   distribution	   was	   investigated	   by	   dynamic	   light	  
scattering	  (DLS)	  measurement	  with	  an	  ALV	  DLS	  using	  90°	  incident	  angle	  and	  632.8	  nm	  laser.	  
The	   size	  distribution	   information	   from	   the	   regularized	   fitting	  of	  DLS	   correlation	   function	   is	  
shown	   in	   Figure	   2-­‐4(a)(b)	   and	   (c),	   for	   -­‐10	   mesh,	   -­‐300	   mesh	   and	   -­‐325	   mesh	   graphite,	  
respectively.	   Since	  DLS	   is	   sensitive	   to	   dust	   and	   large	   aggregations	   formed	  during	   the	   test,	  
three	   repeating	   tests	   were	   performed	   for	   each	   sample	   for	   accuracy.	   A	   comparison	   of	  
normalized	  particle	  size	  distribution	  is	  summarized	  in	  Figure	  2-­‐4	  (d),	  showing	  the	  weight	  (%)	  
for	   each	   radius	   and	   the	   inset	   shows	   a	   zoom-­‐in	   for	   primary	   particles.	   From	   the	   size	  
distribution	   shown	   in	   Figure	   2-­‐4(a),	   most	   samples	   consist	   of	   small	   graphene	   between	  
150~300	  nm	  in	  radius	  and	  aggregations	  larger	  than	  1000	  nm.	  In	  all	  three	  cases	  the	  graphite	  
flakes,	  with	  original	  diameter	  ranging	  from	  44~2000	  μm,	  were	  broken	  down	  into	  nanoscale	  
particles,	  and	  the	  separation	  procedure	  selectively	  keeps	  the	  smaller	  flakes	  in	  the	  suspension.	  
The	  inset	  of	  Figure	  2-­‐4(d)	  shows	  the	  major	  particle	  radius	  of	  SEG	  from	  -­‐300	  mesh	  graphite	  is	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193~202	  nm,	  while	  that	  from	  -­‐325	  mesh	  graphite	  is	  177~190	  nm.	  -­‐10	  mesh	  leads	  to	  150~220	  
nm	   SEG	   with	   less	   than	   80%	   small	   particles.	   Since	   -­‐300	   mesh	   graphite	   leads	   to	   slightly	  
narrower	   size	   distribution,	   smaller	   amount	   of	   unwanted	   aggregations,	   as	   well	   as	   higher	  
conversion	   yield,	   it	   was	   considered	   to	   be	   the	   better	   than	   the	   other	   two	   grades	   in	   this	  
application	  and	  was	  chosen	  for	  all	  future	  graphene	  production	  unless	  mentioned	  otherwise.	  	  	  	  
	  
Figure	   2-­‐2.	   Picture	   of	   SEG	   suspension	   after	   6	   hours	   of	   sonication	   in	   equimolar	   C6H6/C6F6	   mixed	  
solvent.	  From	  left	  to	  right:	  -­‐10	  mesh,	  -­‐325	  mesh,	  -­‐300	  mesh.	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Figure	  2-­‐3.	  Picture	  of	  SEG	  suspensions	  after	  redispersed	  into	  THF.	  From	  left	  to	  right:	  -­‐325	  mesh,	  -­‐300	  
mesh,	  -­‐10	  mesh.	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Figure	  2-­‐4.	  SEG	  size	  distribution	  from	  DLS	  measurement	  for	  different	  graphite	  grades.	  (a)	  -­‐10	  mesh;	  
(b)	   -­‐300	  mesh;	   (c)	   -­‐325	  mesh.	   	  Three	  repeating	  DLS	   test	  were	  performed	  on	  each	  sample;	   (d)	  peak	  
weight	  versus	  peak	  center	  position	  summarized	  from	  (a)	  (b)	  and	  (c).	  Inset	  shows	  a	  magnified	  view	  for	  
primary	  particle	  size	  for	  each	  grade.	  
	  
To	  make	  sure	  the	  DLS	  result	  is	  accurate,	  SEG	  suspension	  made	  from	  -­‐300	  mesh	  graphite	  was	  
diluted	  into	  three	  different	  concentrations:	  0.05	  mg/mL,	  0.1	  mg/mL	  and	  0.9	  mg/mL	  and	  DLS	  
measurement	  was	  performed	  on	  these	  suspensions,	  with	  result	  shown	  in	  Figure	  2-­‐5.	  (a)	  (b)	  
and	   (c)	   are	   the	   distribution	   functions	   for	   three	   repeating	  measurements	   for	   each	   sample,	  
and	   (d)	   is	  a	  comparison	  of	  partible	  size,	  with	   inset	  showing	  a	  zoom-­‐in	  view	   in	  180-­‐240	  nm	  
range.	   The	   result	   is	   consistent	   through	   all	   SEG	   concentration,	   with	   primary	   SEG	   radius	  
170~240	   nm,	   and	   it	   does	   not	   depend	   on	   the	   solution	   concentration	   used	   for	   DLS	  
measurement.	  It	  can	  also	  be	  observed	  from	  the	  normalized	  weight	  of	  primary	  particles	  that	  
the	   percentage	   of	   primary	   particle	   is	   larger	   for	   higher	   SEG	   concentrations.	   This	  might	   be	  
because	   there	   are	   always	   impurities	   in	   the	   THF	   solvent,	   and	   when	   SEG	   concentration	  
decreases,	  the	  influence	  from	  impurities	  from	  the	  solvent	  becomes	  stronger.	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Figure	   2-­‐5.	   Size	  distribution	   for	   -­‐300	  mesh	   SEG	  at	   different	   concentration.	   (a)	   0.05	  mg/mL;	   (b)	   0.1	  
mg/mL;	  (c)	  0.9	  mg/mL.	  (d)	  comparison	  of	  size	  distribution	  from	  three	  repeating	  measurement.	  Inset:	  
size	  distribution	  of	  primary	  particles.	  
	  
To	  further	  explore	  the	  processing	  conditions	  for	  SEG	  and	  their	  influence	  on	  particle	  size,	  	  SEG	  
produced	   from	   -­‐300	  mesh	  graphite	  and	  a	   variety	  of	  processing	   conditions	  were	  measured	  
with	  DLS	  and	  the	  particle	  size	  distribution	  is	  summarized	  in	  Figure	  2-­‐6,	  with	  inset	  showing	  a	  
zoom-­‐in	  for	  primary	  particles.	  Three	  batches	  of	  SEG	  samples	  were	  prepared,	  two	  with	  6	  hour	  
sonication	   in	   the	  C6H6/C6F6	  mixed	  solvent,	   the	  other	  with	  1	  hour	  sonication.	  From	  the	  DSL	  
result	   after	   the	   samples	   been	   sonicated	   and	   transferred	   to	   THF,	   6	   hour	   sonicated	   SEGs	  
generally	  show	  smaller	  radius	  (150-­‐250	  nm,	  black	  squares	  and	  green	  triangles	  in	  Figure	  2-­‐6)	  
than	  1	  hour	  sonicated	  SEG	  (250-­‐300	  nm,	  purple	  diamonds	  in	  Figure	  2-­‐6).	  In	  order	  to	  test	  the	  
stability	  of	  these	  SEG	  suspensions,	  a	  second	  separation	  is	  taken	  by	  leaving	  the	  suspensions	  
undisturbed	  for	  24	  hours,	  and	  keeping	  the	  supernatant	   for	  next	  DLS	  measurement.	  During	  
the	  second	  separation	  step,	  some	  large	  unstable	  SEG	  aggregations	  were	  removed	  and	  the	  6	  
hours	   sonicated	   SEG	   (192-­‐201	   nm,	   red	   circles	   in	   Figure	   2-­‐6)	   still	   shows	   slightly	   smaller	  
dimensions	   than	   1	   hour	   sonicated	   sample	   (206-­‐209	   nm,	   yellow	   triangles	   in	   Figure	   2-­‐6).	   A	  
third	   separation	  was	   taken	   using	   the	   same	  method	   on	   the	   6	   hour	   sonicated	   SEG	   and	   the	  
particle	   size	   is	   shown	  by	   the	  blue	   triangles	   in	   Figure	   2-­‐6	   (197-­‐205	  nm).	   	   Compared	   to	   the	  
second	  separation,	  primary	  SEG	  particle	  size	  distribution	  did	  not	  get	  narrower	  after	  the	  third	  
separation,	  although	  some	  data	  points	  suggested	  slightly	  increased	  purity.	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Figure	   2-­‐6.	   A	   comparison	   of	   SEG	   particle	   size	   distribution	   from	   -­‐300	  mesh	   graphite	   and	   different	  
processing	  methods.	  
	  
The	  influence	  from	  original	  graphite	  particle	  size,	  sonication	  and	  separation	  on	  SEG	  particle	  
size	  distribution	  can	  be	  summarized	  as	  the	  following:	  generally,	  graphite	  with	  large	  flake	  size	  
requires	  longer	  sonication	  time	  to	  be	  converted	  to	  SEG	  with	  appropriate	  size,	  and	  -­‐300	  mesh	  
graphite	  is	  found	  to	  meet	  the	  best	  balance	  between	  SEG	  particle	  size	  and	  conversion	  yield.	  6	  
hours	   of	   sonication	   produces	   SEG	   of	   higher	   quality	   than	   1	   hour	   sonication,	   and	   when	  
combined	  with	   two	   separations	   (without	   the	  help	  of	   centrifuge)	   it	   is	   sufficient	   to	  produce	  
~195	   nm	   SEG	  with	   >95%	   purity.	   Note	   that	   all	   the	   DLS	  measurements	  were	   done	  without	  
being	   stabilized	   by	   P3HT,	   in	   order	   to	   rule	   out	   the	   impurities	   from	   polymer	   chains.	   In	   the	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actual	   applications	   DCB	  will	   be	   used	   instead	   of	   THF,	   and	   P3HT	  will	   always	   be	   added	   as	   a	  
surfactant.	  As	  a	  result,	   large	  degree	  of	  exfoliation	  and	  better	  stability	  can	  be	  expected	  and	  
the	  second	  separation	  will	  not	  be	  necessary.	  	  
	  
2.3. Characterization	  of	  graphene	  
In	   order	   to	   evaluate	   the	   potential	   in	   photovoltaic	   application,	   the	   chemical	   and	   physical	  
properties	   of	   graphene,	   including	   surface	   defects,	   charge	  mobility,	   and	   exfoliation	   status,	  
need	  to	  be	  characterized.	  Raman	  spectra	  has	  been	  a	  powerful	  tool	  to	  study	  graphene	  [67-­‐70]	  
and	   other	   carbon	   based	   materials	   [71]	   due	   to	   the	   strong	   characteristic	   Raman	   peaks.	  
Typically	   there	   are	   three	   prominent	   peaks	   in	   the	   Raman	   spectrum	   of	   graphene-­‐based	  
materials:	   G	   band	   at	   ~1580	   cm-­‐1	  due	   to	   the	   doubly	   degenerate	   zone	   center	   E2g	  mode,	   D	  
band	  at	  ~1350	  cm-­‐1	  due	  to	  the	  zone-­‐boundary	  phonons	  and	  G’	  band	  (or	  2D	  band)	  at	  2700	  cm-­‐
1	  due	  to	  second	  order	  of	  zone-­‐boundary	  phonons	  [68].	  Since	  D	  band	  is	  an	  indication	  of	  defect	  
on	   sp2	   carbon	   structure,	   it	   is	   not	   visible	   in	   defect-­‐free	   graphite.	   The	   position,	   shape	   and	  
intensity	  of	  these	  peaks	  are	  closely	  related	  to	  the	  chemical	  and	  physical	  status	  of	  different	  
graphene	  species.	  	  
	  
To	   compare	   the	   difference	   in	   characteristic	   Raman	   spectra,	   1	   mg/mL	   PG,	   GO	   and	   RGO	  
suspension	  was	  prepared	   in	  DCB,	  water,	  and	  DCB	  respectively	  and	  sonicated	   for	  3	  hour	   to	  
promote	   exfoliation.	   The	   suspensions	   were	   then	   drop	   cast	   on	   clean	   silicon	   substrates	   to	  
form	  a	  thin	  film,	  dried	  in	  ambient	  condition	  overnight,	  and	  then	  dried	  in	  a	  vacuum	  oven	  at	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120°C	   for	  10	  minutes	   to	   remove	   residual	   solvent.	  Raman	   spectra	  of	  PG,	  GO	  and	  RGO	   thin	  
films	   were	   measured	   with	   a	   Renishaw	   InVia	   Raman	   microscope	   with	   a	   514	   nm	   laser	  
excitation,	  and	  the	  result	   is	  shown	  in	  Figure	  2-­‐7.	   	  The	  D	  band	  and	  G	  band	  representing	  the	  
sp3	  and	   sp2	  hybridization	   of	   the	   constituent	   carbon	   atoms	   are	   both	   visible	   for	   these	   three	  
materials,	  indicating	  the	  existence	  of	  surface	  defects	  [69].	  The	  positions	  of	  the	  characteristic	  
peaks,	  and	  their	  intensities	  are	  summarized	  in	  Table	  2-­‐1.	  The	  D/G	  intensity	  ratio	  is	  crucial	  in	  
determining	   the	   efficacy	   of	   graphene	   in	   photovoltaic	   applications,	   since	   greater	   D	   band	  
signals	  indicate	  the	  increased	  presence	  of	  sp3	  hybridization,	  which	  disrupts	  the	  conjugated	  π-­‐
electron	  cloud	  of	   the	  sp2	  carbon	  that	   is	   responsible	   for	   the	  unique	  electronic	  properties	  of	  
graphene.	  As	  is	  evident	  from	  the	  figure	  and	  the	  different	  D/G	  ratios	  in	  Table	  2-­‐1,	  the	  three	  
graphene	  samples	   studied	  are	  different	   in	   the	  chemical	   structure.	  Note	   that	  pure	  graphite	  
will	  only	  show	  one	  strong	  G	  band	  and	  very	  low	  D	  band,	  corresponding	  to	  carbon	  atoms	  that	  
are	  mostly	  in	  the	  sp2	  state,	  except	  some	  edge	  defects	  that	  are	  exposed	  under	  the	  laser	  spot	  
(D	   band	   intensity	   will	   increase	   when	   graphite	   size	   gets	   smaller,	   due	   to	   more	   and	   more	  
graphene	   edge	   been	   “seen”	   under	   the	   same	   laser	   spot	   size).	   Oxidation	   of	   the	   graphene	  
sheets	  introduces	  various	  functional	  groups	  such	  as	  -­‐COOH,	  -­‐OH,	  -­‐C=O	  and	  oxiranes	  that	  give	  
rise	  to	  perceptible	  sp3	  signals	  in	  the	  Raman	  spectra	  [69].	  The	  reduction	  process	  will	  recover	  
part	   of	   the	   sp2	   carbons,	   but	   will	   sometimes	   introduce	   other	   defects,	   depending	   on	   the	  
reduction	  method.	   Thus	   the	   Raman	   spectra	   shown	   in	   Figure	   2-­‐5	   confirm	   the	   existence	   of	  
both	  kinds	  of	  hybridized	  carbon	  on	  the	  different	  graphene	  sheets	  studied,	  albeit	  to	  different	  
extents.	  Although	  PG	  is	  not	  functionalized,	  there	  is	  still	  a	  perceptible	  D	  band	  signal	  at	  1347	  
cm-­‐1,	  due	  to	  the	  carbon	  atoms	  on	  the	  edges	  of	  the	  graphene	  sheets	  where	  the	  sp2	  symmetry	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has	   been	   broken.	   Note	   that	   the	   weak	   D’	   peak	   shown	   in	   PG	   (at	   ~1620cm-­‐1)	   is	   another	  
indication	  of	  edge	  effects.	  The	  upshifted	  D	  and	  G	  peaks	  in	  GO	  and	  RGO	  as	  compared	  to	  PG	  
denotes	  the	  influence	  of	  surface	  defects	  introduced	  by	  oxidization.	  The	  G	  band	  of	  RGO	  has	  a	  
different	   shape	   (splitting)	   as	   compared	   to	   that	  of	  GO,	  which	   can	  be	  attributed	   to	  oxidized	  
region	   and	   reduced	   region	   on	   the	   RGO	   sheet,	   indicating	   incomplete	   reduction	   of	   oxygen	  
containing	   groups.	   The	   fact	   that	   RGO	   has	   an	   even	   higher	   D/G	   ratio	   than	   GO	   is	   expected,	  
since	   the	  RGO	  we	  used	   to	  make	   the	   sample	  was	   from	  a	   thermal	   reduction	  process,	  which	  
introduced	  a	   lot	  of	   folding	  and	  wrinkles	  on	  the	  planar	  graphene	  structure	  and	  may	   lead	  to	  
structural	   defects.	   By	   comparing	   the	   Raman	   spectra	   with	   GO	   and	   RGO,	   the	   surface	  
properties	  of	   PG	   from	  CVD	  process	   is	   confirmed	  and	   it	   is	   suitable	   for	  our	  OPV	  application	  
since	  it	  has	  much	  more	  sp2	  carbon	  component	  that	  will	  lead	  to	  better	  conductivity.	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Figure	   2-­‐7.	   Normalized	   Raman	   spectra	   of	   PG,	   GO	   and	   RGO	   thin	   films	   on	   Si	   substrate.	   Peaks	  were	  
shifted	  for	  better	  viewing.	  
	  
Table	  2-­‐1.	  Summary	  of	  raman	  spectra	  of	  PG,	  GO	  and	  RGO	  	  
Sample D band(cm-1) G band(cm-1) D/G ratio 
PG 1347 1579 0.53 
GO 1357 1595 0.82 
RGO 1354 1595 1.23 
	  
	  
Solution	  exfoliation	  graphene	  suspension	  from	  -­‐300	  mesh	  graphite	   is	  drop	  cast	  on	  Si	  wafer	  
using	  the	  same	  method	  and	  the	  Raman	  spectrum	  from	  514	  nm	  laser	  excitation	  is	  shown	  in	  
Figure	  2-­‐8(a).	  D	  band	  (at	  1371	  cm-­‐1),	  G	  band	  (at	  1598	  cm-­‐1)	  and	  2D	  peak	  (at	  ~2740	  cm-­‐1)	  are	  
all	   visible,	   indicating	   the	  existence	  of	  both	  sp2	   and	  sp3	  hybridized	  carbon	  atoms	  and	  edge	  
defects	  were	   introduced	  during	   liquid	  exfoliation,	  when	   large	   graphite	   flakes	  were	  broken	  
down	  into	  ~200	  nm	  graphene	  particles.	  Note	  that	  the	  D/G	  ratio	  is	  only	  about	  0.098,	  a	  much	  
lower	  value	  as	  compared	  to	  pristine	  graphene	  we	  purchased,	  proving	  the	  quality	  of	  SEG	   is	  
better	   than	   PG.	   The	   2D	   band	   shows	   some	   splitting	   and	   it	   is	   indicative	   of	   co-­‐existence	   of	  
single	   and	   multi-­‐layered	   graphene	   under	   the	   spot	   of	   sampling	   (note	   that	   the	   graphene	  
particle	  size	  is	  ~200	  nm,	  and	  the	  laser	  spot	  of	  Raman	  measurement	  is	  of	  the	  order	  of	  several	  
μm,	  so	  the	  Raman	  signal	  is	  the	  contribution	  of	  multiple	  graphene	  sheets	  at	  the	  same	  time).	  A	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magnified	   view	  of	  2D	  peak	   is	   shown	   in	   Figure	  2-­‐8(b)	   and	  a	  deconvolution	  of	  2D	  peak	  was	  
done	   to	   show	   the	   peak	   components.	   Two	   peak	   components	   (peak	   fit	   A	   and	   B)	   were	  
observed,	  with	  position	  at	  2708	  cm-­‐1	  and	  2742	  cm-­‐1,	  respectively.	  It	  has	  been	  pointed	  out	  in	  
multiple	   research	   reports	   the	   2D	   peak	   position,	   shape	   and	   peak	   components	   is	   strongly	  
related	   to	   the	   stacking	   status	  of	  graphene	   [68,	  70],	   and	   the	  2708	  cm-­‐1	  peak	   is	  due	   to	   the	  
existence	   of	   single	   layer	   graphene,	   and	   2742	   cm-­‐1	   peak	   is	   from	   the	   contribution	   of	   not	  
completely	  exfoliated	  graphite	  (2	  or	  more	  layers).	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Figure	  2-­‐8.	  (a)	  Raman	  spectrum	  of	  -­‐300	  mesh,	  6	  hours	  sonicated	  solution	  exfoliated	  graphene;	  (b)	  a	  
zoomed-­‐in	  view	  and	  deconvolution	  of	   the	  2D	  band	   in	   (a)	  showing	  both	  single-­‐layer	  and	  multi-­‐layer	  
component	  of	  the	  2D	  band.	  
	  
To	   further	   confirm	   the	   dimensions	   of	   graphene	   produced	   from	   the	   solution	   exfoliation	  
method,	   SEG	   suspension	  was	   drop	   cast	   onto	   a	   Si	   wafer	   followed	   by	   drying	   at	   120°C	   in	   a	  
vacuum	  oven	   for	   10	  minutes.	   Tapping	  mode	   atomic	   force	  microscope	   (AFM)	  was	   used	   to	  
measure	  the	  dimensions	  of	  nanosheets,	  and	  the	  height	  image	  of	  a	  5µm	  x	  5µm	  scan	  area	  is	  
shown	   in	  Figure	  2-­‐9.	   The	   inset	   shows	  a	   step	   scan	   for	  a	   smaller	   area	   containing	   two	  major	  
graphene	  flakes,	  as	  indicated	  by	  the	  dashed	  line.	  It	  can	  be	  seen	  from	  the	  step	  scan	  that	  the	  
two	   graphene	   flakes	   are	   both	   ~5	   nm	   thick	   and	   200~300	   nm	   in	   diameter.	   The	   lateral	  
dimensions	  from	  AFM	  are	  slightly	  smaller	  than	  particle	  size	  measured	  from	  DLS	  results	  and	  
the	  thickness	  indicates	  that	  the	  nanosheets	  have	  formed	  stacks	  of	  single	  layer	  graphene	  on	  
Si	   surface,	   and	  each	   stack	  has	   roughly	  10	   layers	  of	   graphene.	   It	   is	  unclear	   if	   the	  graphene	  
stacks	  were	  formed	  in	  the	  suspension	  or	  during	  solvent	  evaporation	  of	  drop	  casting	  process.	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Figure	  2-­‐9.	  Tapping	  mode	  AFM	  height	  image	  of	  SEG	  drop-­‐cast	  on	  Si	  substrate.	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2.4. Polymer-­‐graphene	  interaction	  
2.4.1.	  Raman	  spectrum	  
The	  interaction	  between	  P3HT	  and	  graphene	  in	  a	  composite	  thin	  film	  is	  very	  important	  and	  
worth	  studying	  because	  it	  will	  strongly	  affect	  graphene	  distribution	  in	  a	  P3HT:PCBM	  matrix	  
and	  the	  OPV	  device	  performance.	  From	  a	  thermodynamic	  view,	  it	  is	  energetically	  favorable	  
for	  long	  chain	  polymers	  like	  P3HT	  to	  physically	  adsorb	  onto	  graphene	  surface,	  and	  the	  large	  
aspect	  ratio	  of	  exfoliated	  graphene	  allows	  the	  formation	  of	  large	  P3HT:graphene	  interface,	  if	  
graphene	   is	   well	   dispersed	   in	   a	   P3HT	  matrix.	   Similar	   phenomenon	   has	   been	   observed	   by	  
other	  group	  and	  used	  to	  stabilize	  graphene	  sheets	  in	  a	  solution	  [52].	  There	  are	  several	  ways	  
to	   reveal	   this	   interaction,	   one	   of	   which	   is	   by	  measuring	   the	   Raman	   shift	   of	   characteristic	  
graphene	  peaks	  in	  a	  P3HT:graphene	  composite	  thin	  film.	  Ideally	  pristine	  graphene	  should	  be	  
used	  for	  this	  study,	  but	  the	  concentration	  of	  purchased	  PG	  suspension	  is	  too	  low	  to	  prepare	  
a	  P3HT:PG	  composite	  film	  that	  will	  give	  strong	  enough	  Raman	  signal	  from	  PG.	  GO	  cannot	  be	  
used	   due	   to	   its	   hydrophilicity	   that	   prevents	   it	   from	   being	   uniformly	   dispersed	   in	   organic	  
solvent.	   RGO	  was	   chosen	   to	   demonstrate	   the	   interaction	   since	   the	   sp2	   carbon	   bonds	   are	  
partially	   restored	   in	   thermal	   reduction,	   as	   well	   as	   its	   electron	   affinity.	   To	   prepare	   a	  
P3HT:RGO	  film,	  2.0	  mg	  P3HT	  and	  1.0	  mg	  RGO	  was	  mixed	  in	  1mL	  DCB,	  sonicated	  for	  3	  hours	  
and	  then	  stirred	  overnight	  at	  60°C	  in	  nitrogen	  in	  order	  to	  get	  well	  dispersed	  RGO	  suspension	  
in	   P3HT.	   The	   suspension	   was	   drop	   cast	   on	   Si	   substrate	   and	   dried	   overnight	   in	   nitrogen,	  
followed	  by	  10	  minutes	  drying	  at	  120°C	  on	  a	  hotplate	  in	  nitrogen.	  For	  reference,	  a	  drop	  cast	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film	  consisting	  of	  pure	  RGO	  is	  prepared	  using	  similar	  fashion.	  Raman	  spectra	  for	  both	  films	  
were	  measured	  for	  using	  the	  same	  conditions	  as	  mentioned	  in	  graphene	  characterizations.	  	  
	  
Figure	  2-­‐10	  shows	  the	  comparison	  of	  Raman	  spectra	  between	  pure	  RGO	  and	  2:1	  P3HT:RGO.	  
The	  Raman	  signal	  from	  P3HT:RGO	  blend	  was	  taken	  from	  a	  relatively	  RGO-­‐rich	  region	  located	  
under	   the	  microscope.	  When	  mixed	  with	  P3HT,	   the	  G	  band	  of	  RGO	  was	  downshifted	   from	  
1595	  cm-­‐1	  to	  1580	  cm-­‐1,	  while	  D	  band	  position	  and	  D/G	  ratio	  remained	  the	  same.	  This	  change	  
in	   peak	   positions	   of	   approximately	   15	   cm-­‐1	   is	   attributed	   to	   the	   adsorption	   of	   P3HT	   chains	  
onto	  the	  RGO	  surface,	  and	  the	  interaction	  between	  the	  π-­‐electron	  clouds	  of	  the	  thiophene	  
rings	  and	  the	  portions	  of	  the	  graphene	  surface	  that	  are	  not	  functionalized.	  Note	  that	  this	  is	  a	  
physical	   adsorption	   mechanism,	   rather	   than	   a	   chemical	   reaction,	   since	   the	   relative	  
intensities	   of	   the	   D	   and	   G	   bands	   do	   not	   change.	   This	   result	   is	   of	   significance	   since	   it	  
demonstrates	  that	  the	  polymer	  is	  capable	  of	  physically	  adsorbing	  onto	  the	  graphene	  surface	  
and	   prevent	   aggregation	   of	   the	   high-­‐aspect	   ratio	   sheets,	   which	   agrees	   with	   Yang’s	  
observations	  [52].	  The	  adsorption	  of	  the	  polymer	  also	  enables	  it	  to	  act	  as	  a	  surfactant,	  and	  
promotes	  the	  dispersion	  of	  the	  graphene	  nanosheets	  in	  the	  polymer	  matrix.	  These	  data	  also	  
demonstrate	   the	   possibility	   to	   dispense	   graphene	   sheets	   in	   organic	   solution	   without	  
chemical	  functionalization,	  which	  would	  inevitably	  lead	  to	  lower	  conductivities	  and	  reduced	  
performance.	  In	  particular,	  the	  downshifting	  of	  the	  peak	  indicates	  that	  the	  adsorbing	  species	  
is	  electron-­‐donating	  (conjugated	  electron	  cloud	  of	  P3HT):	  similar	  effects	  have	  been	  reported	  
previously	   in	   single-­‐walled	   carbon	   nanotubes	   [71]	   and	   reduced	   graphene	   oxide	   [72]	   for	  
various	   electron	  withdrawing	   and	  donating	   groups.	  Note	   that	   although	   the	  Raman	  data	   is	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from	  RGO,	  since	  we	  are	  only	  able	  to	  pick	  up	  the	  D	  and	  G	  bands	  of	  the	  graphene	  at	  relatively	  
high	   (33	  weight	  %)	   concentrations,	   the	  basic	   hypothesis	   of	   interaction	  between	  P3HT	   and	  
highly	  sp2	  hybridized	  surface	  would	  continue	  to	  hold	  even	  at	  lower	  concentrations,	  and	  for	  
pristine	  graphene.	  
	  
Figure	  2-­‐10.	  Raman	  spectra	  for	  RGO(black	  solid)	  and	  2:1	  P3HT:RGO	  blend(red	  dots).	  Data	  has	  been	  
normalized	  to	  G	  band	  intensity	  and	  shifted	  for	  better	  viewing	  	  
	  
2.4.2.	  Photoluminescence	  	  
Photoluminescence	  (PL)	  quenching	  measurement	  is	  usually	  used	  to	  examine	  the	  efficacy	  of	  
acceptor	  material	  in	  dissociating	  excitons.	  When	  exciton	  are	  generated	  upon	  illumination	  of	  
the	  donor	  material	  but	  there	  is	  no	  acceptor	  material	  present	  or	  if	  excitons	  could	  not	  reach	  a	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donor-­‐acceptor	   interface	   due	   to	   acceptor	   not	   forming	   close	   contact	  with	   donor,	   they	  will	  
recombine	   and	   release	   energy	   in	   different	   forms,	   one	   of	   which	   being	   PL.	   As	   a	   result,	  
information	  such	  as	  electron	  affinity	  of	  certain	  acceptor,	  acceptor	  dispersion	  in	  donor	  matrix,	  
and	   relative	   donor-­‐acceptor	   interfacial	   area	   can	   be	   obtained	   by	   studying	   PL	   quenching	   of	  
different	  donor-­‐acceptor	  combination	  and	  at	  different	  mixing	  ratios.	  A	  strong	  PL	  quenching	  
of	   P3HT	  usually	   indicates	   efficient	   charge	   transfer	   from	  P3HT	   to	   acceptor.	   Since	   the	   rapid	  
charge	   transfer	   and	   efficiency	   PL	   quenching	   between	   P3HT	   and	   PCBM	   have	   already	   been	  
observed	   by	   many	   groups,	   and	   some	   study	   on	   the	   charge	   transfer	   between	   P3HT	   and	  
chemically	   modified	   graphene	   was	   reported	   [53,	   73].	   The	   quenching	   between	   P3HT	   and	  
modified	  graphene	  is	  not	  efficient	  even	  at	  a	  fairly	  high	  graphene	  load,	  as	  observed	  by	  Yang	  
et.	  al.	   in	  a	  P3HT	  and	  reduced	  modified	  graphene	  oxide	  blend	  [52],	  due	  to	  the	  damaged	  sp2	  
conjugation	  during	  chemical	  modification.	  	  
	  
To	   study	   the	   charge	   transfer	   between	   P3HT	   and	   PG,	   we	   investigated	   PL	   quenching	   in	  
P3HT:SEG	  thin	  films	  and	  compared	  that	  with	  the	  well	  known	  charge	  transfer	  between	  P3HT	  
and	  PCBM.	  Sample	  solutions	  containing	  different	  P3HT,	  PCBM,	  SEG	  ratios	  were	  made	  based	  
on	  20	  mg/mL	  P3HT	  in	  DCB.	  These	  solutions	  were	  stirred	  overnight	  at	  60°C	  then	  sonicated	  for	  
1	  hour	   to	  promote	  uniform	  dispersion,	   followed	  by	   spin	   casting	  onto	   clean	  Si	   substrate	  at	  
1000	  rpm	  to	  form	  thin	  films	  with	  ~150	  nm	  thickness.	  These	  films	  were	  soft	  baked	  at	  60	  °C	  for	  
30	  minutes	  to	  remove	  remaining	  solvent.	  The	  spin	  casting	  and	  soft	  baking	  were	  completed	  in	  
a	  nitrogen-­‐filled	  glovebox,	  and	  sample	  was	  also	  stored	  in	  N2	  to	  prevent	  degradation	  until	  PL	  
measurement.	  PL	  measurements	  were	  performed	   in	  a	   small	  vacuum	  chamber	  with	  a	  glass	  
45	  |	  P a g e 	  
	  
window	   to	   isolate	   the	   thin	   films	   from	   ambient	   and	   reduce	   sample	   degradation	   during	  
measurements.	  A	  550	  nm	  laser	  was	  used	  for	  excitation	  and	  a	  reflective	  geometry	  was	  adopt,	  
as	  shown	   in	  Figure	  2-­‐11	  (a).	  The	   incident	  beam	  angle,	  detector	  position	  was	  kept	  constant	  
during	  measurement	  to	  make	  sure	  the	  PL	  signals	  are	  comparable.	  Measured	  PL	  intensities	  of	  
each	   film	   were	   normalized	   by	   incident	   laser	   power	   (which	   has	   small	   fluctuations)	   and	  
relative	   absorption	   at	   550	   nm,	   to	   eliminate	   errors	   caused	   by	   film	   thickness,	   and	   the	  
normalized	  PL	  spectra	  are	  shown	  in	  bottom	  part	  of	  Figure	  2-­‐11(b).	  Two	  prominent	  peaks	  can	  
be	  seen	  in	  the	  PL	  spectra	  for	  P3HT,	  and	  normalization	  and	  quenching	  ratios	  were	  calculated	  
based	  on	   655	   nm	  peak.	   Rapid	   charge	   transfer	   in	   20:20	   P3HT:PCBM	  blend	   is	   evidenced	  by	  
~93.3%	  PL	  quenching,	  as	  compared	  to	  pure	  P3HT.	  By	  replacing	  the	  most	  of	  PCBM	  in	  20:20	  
P3HT:PCBM	  blend	   by	   a	   very	   small	   fraction	   of	   PG,	   even	   stronger	   quenching	  was	   achieved,	  
with	   95.5%	   quenching	   at	   655	   nm.	   This	   strongly	   supports	   our	   hypothesis	   that	   the	   unique	  
geometry	  of	  graphene	  allows	  it	  to	  form	  good	  contact	  with	  P3HT	  and	  PCBM	  blend	  and	  create	  
interface	  for	  exciton	  dissociation.	  The	  enhanced	  PL	  quenching	  in	  20:2:0.01	  P3HT:PCBM:SEG	  
blend	   is	   the	   result	   of	   either	   increased	  donor-­‐acceptor	   interfacial	   area	   or	   improved	   charge	  
mobility,	   both	   allowing	   exciton	   to	   get	   dissociated	   more	   efficiently.	   Furthermore,	   charge	  
transfer	   is	   surprisingly	   strong	   for	   20:0.01	   P3HT:SEG	   blend	   film,	   considering	   that	   the	   small	  
weight	  fraction	  of	  SEG	  added	  that	  leads	  to	  more	  than	  38.7%	  PL	  quenching.	  Thus,	  our	  results	  
demonstrate	  that	  exciton	  dissociation	  is	  substantially	  facilitated	  by	  the	  presence	  of	  pristine	  
graphene	  nanosheets,	   since	   the	  quenching	  of	   the	  PL	   signal	   indicates	   that	   there	   is	  efficient	  
charge	  transfer	  from	  the	  P3HT	  to	  graphene.	  This	  result	  confirms	  our	  hypothesis	  from	  Raman	  
spectra,	   i.e.	   physical	   adsorption	   and	   charge	   transfer	   could	   occur	   between	   P3HT	   and	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graphene.	   The	   advantage	   of	   using	   solution	   exfoliated	   pristine	   graphene	   and	   P3HT	   as	  
stabilizer	  is	  evidenced	  by	  the	  much	  stronger	  PL	  quenching	  achieved	  from	  a	  lower	  graphene	  
load,	  as	  compared	  to	  that	  from	  chemically	  functionalized	  graphene	  from	  references.	  	  	  
	  
Furthermore,	   two	   factors	   unique	   to	   graphene	   also	   influence	   the	  PL	   results:	   first,	   although	  
being	  stabilized	  by	  P3HT,	  the	  solubility	  of	  graphene	  in	  the	  organic	  solvent	  is	  much	  lower	  than	  
that	  of	  PCBM.	  Therefore,	  the	  formation	  of	  graphene	  aggregates	  in	  the	  film	  is	  more	  difficult	  
to	  prevent,	  when	  compared	  with	  PCBM,	  and	  the	  actual	   interface	  area	  will	  be	  smaller	   than	  
expected;	   second,	   as	   a	   2-­‐D	  material,	   the	   specific	   surface	   area	   of	   graphene	   is	   lower	   than	  
PCBM,	   which	   is	   spherical	   and	   has	   much	   smaller	   radius.	   	   Since	   both	   factors	   limit	   charge	  
transfer	  between	  P3HT	  and	  graphene,	   these	   limitations	   convince	  us	   that	   graphene	  will	   be	  
more	  promising	  in	  the	  role	  as	  acceptor	  materials	  in	  future	  generations	  of	  solar	  cells,	  as	  long	  
as	  aggregation	  can	  be	  minimized	  and	  the	  unique	  geometry	  can	  preserved	  in	  the	  composite	  
thin	  film,	  through	  improved	  exfoliation	  process,	  surface	  chemistry	  and	  morphological	  control.	  
Our	   research	   thus	   outlines	   the	   manner	   in	   which	   graphene-­‐based	   fillers	   represent	   good	  
alternative	  acceptors	  to	  the	  traditional	  BHJ	  paradigm	  of	  50:50	  (w/w)	  P3HT:PCBM	  solar	  cells.	  
We	   also	   note	   that	   it	   is	   impossible	   to	   effectively	   disperse	   such	   high	   weight	   fraction	   of	  
graphene	  in	  the	  P3HT	  matrix,	  due	  to	  its	  low	  solubility	  and	  high	  potential	  to	  agglomerate.	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Figure	  2-­‐11.	  (a)	  Configuration	  of	  photoluminescence	  measurement.	  (b)	  PL	  intensity	  of	  P3HT	  thin	  films	  
with	  PCBM	  and	  SEG.	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2.4.3.	  Solution	  layer-­‐by-­‐layer	  assembly	  
Layer-­‐by-­‐layer	  assembly	  (LBL)	  is	  a	  technique	  that	  utilizes	  the	  strong	  interaction	  force,	  such	  as	  
hydrogen	  bonding,	  covalent	  bonding,	  and	  electrostatic	  interactions,	  between	  polymers	  and	  
nanoparticles,	   to	  achieve	  nanocomposite	  thin	   films	  with	  highly	  controlled	  composition	  and	  
morphology	  [74].	  Specifically,	  solution-­‐based	  electrostatic	  layer-­‐by-­‐layer	  assembly	  (ELBL)	  has	  
the	  advantage	  of	   low-­‐cost,	   low-­‐pollution,	  high	   reproducibility	  and	  possibility	  of	  automated	  
operation	   and	  was	   thus	   explored	   in	   the	   early	   stage	   of	   our	   research.	   The	   requirement	   for	  
ELBL	  technique	  to	  be	  possible	   is	   that	  an	  oppositely	  charged	  polymer	  and	  nanoparticle	  pair	  
and	   be	   acquired,	   and	   ideally	   they	   should	   be	   soluble	   in	   the	   same	   solvent.	   Polythiophene	  
derivative	  PETBS	  (structure	  shown	  in	  Figure	  2-­‐12(a))	  and	  graphene	  oxide	  (GO)	  (Figure	  2-­‐12(b))	  
are	  both	  water	  soluble	  and	  both	  carry	  negative	  charges	  when	  dissolved	  in	  water.	  As	  a	  result,	  
a	   cationic	   binder	   containing	   copolymer	   of	   acrylamide	   and	   quaternary	   ammonium	   salt	  
(Superfloc	   C442	   from	  Kermira	   Corp.,	   charge	   density=10%)	   is	   employed	   to	   achieve	   ELBL	   of	  
PETBS	  and	  GO.	  	  The	  principle	  of	  ELBL	  is	  shown	  in	  Figure	  2-­‐13.	  In	  each	  cycle,	  a	  thin	  layer	  of	  GO,	  
C442,	  PTEBS	  and	  C442	  was	  adsorbed	  in	  a	  sequence	  to	  ensure	  the	  neighboring	  layers	  posses	  
opposite	  charges.	  The	  film	  is	  rinsed	  before	  dipped	  into	  the	  next	  solution	  in	  order	  to	  remove	  
the	  loosely	  bonded	  particles.	  Each	  cycle	  produces	  a	  bilayer	  of	  GO	  and	  PTEBS	  strongly	  bind	  by	  
columbic	   force	   and	  by	   repeating	  n	   cycles,	   a	   total	   of	   n	  bilayers	   can	  be	   grown.	  Controllable	  
parameters	   in	   this	   technique	   include	   solution	   concentration,	   dipping	   time,	   rinsing	  method	  
and	  layer	  numbers.	  Since	  the	  binding	  agent	  is	  used,	  it	  is	  also	  possible	  to	  modify	  the	  recipe	  to	  
make	  multiple	  GO	  or	  PTEBS	   layers	   in	  one	   cycle.	   For	  example,	   if	   the	   substrate	   is	  dipped	  m	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times	  in	  GO	  solution	  and	  k	  times	  in	  PTEBS	  solution	  in	  each	  cycle,	  and	  n	  cycles	  are	  repeated,	  
the	  total	  layer	  structure	  will	  be	  in	  n(m+k)	  form.	  	  	  
	  
	  
Figure	  2-­‐12.	  Chemical	  structures	  of	  (a)	  PTEBS;	  (b)	  graphene	  oxide.	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Figure	   2-­‐13.	   Schematic	   illustration	  of	  ELBL	  process.	  Negatively	   charged	  GO	  and	  PTEBS	   is	  deposited	  
alternately	  using	  C442	  as	  cationic	  binder.	  
	  
To	  prepared	  the	  solutions	  for	  ELBL	  deposition,	  0.1%	  wt	  solution	  of	  GO,	  0.1	  mg/mL	  	  solution	  
of	  PTEBS	  and	  0.13	  mg/mL	  solution	  of	  C442	  were	  prepared	  using	  DI	  water.	  GO	  solution	  was	  
sonicated	  for	  3	  hours	  to	  promote	  exfoliation,	  and	  all	  solutions	  were	  stirred	  overnight	  before	  
deposition.	   Si	   substrate	  was	   sonicated	   in	   acetone,	   IPA	   and	  DI	  water	   for	   10	  minutes	   each,	  
then	  dried	  under	  compressed	  N2	  flow.	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Thin	   films	   containing	   2	   bilayers	   of	   GO	   and	   PTEBS	   were	   first	   prepared.	   In	   each	   cycle,	   the	  
substrate	  was	  first	  dipped	  in	  GO	  solution	  for	  different	  time	  (30s,	  60s	  and	  120s),	  and	  dipped	  
for	  a	  fixed	  time	  (30s)	  in	  both	  C442	  and	  PTEBS	  solution.	  After	  each	  dipping,	  the	  substrate	  was	  
rinsed	   vigorously	   in	   fresh	  DI	  water	   for	   30s.	   AFM	   tapping	  mode	   images	   of	   these	   thin	   films	  
were	  shown	  in	  Figure	  2-­‐14,	  with	  10	  μm	  x	  10	  μm	  scan	  areas.	  It	  is	  clear	  that	  the	  dipping	  time	  
has	  a	  strong	  effect	  on	  the	  dimensions	  of	  GO	  sheet	  adsorbed.	  In	  Figure	  2-­‐14(a),	  the	  GO	  sheets	  
adsorbed	  in	  the	  film	  from	  30s	  dipping	  time	  generally	  have	  diameter	  below	  1	  μm,	  with	  very	  
few	  exceeding	  2	  μm.	  Some	  large	  GO	  sheets	  exceeding	  2	  μm	  in	  diameter	  start	  to	  show	  up	  in	  
60s	   dipped	   film,	   as	   shown	   in	   Figure	   2-­‐14(b),	   and	   eventually	   in	   120s	   dipped	   film	  most	   GO	  
sheets	  have	  diameter	  above	  1.5	  μm,	  and	  many	  above	  2	  μm.	  This	   can	  be	  explained	  by	   the	  
absorption	   dynamics	   of	   GO	   sheets	   on	   positively	   charged	   surface.	   Although	   it	   is	  
thermodynamically	   favored	   for	   large	   GO	   to	   adsorb,	   the	   time	   required	   to	   overcome	   the	  
energy	   barrier	   for	   absorption	   to	   complete	   is	   also	   longer	   for	   large	   sheets,	   resulting	  
distinguishable	  GO	  morphology	  for	  different	  dipping	  times.	  Since	  we	  want	  to	  keep	  only	  small	  
GO	  sheets	   in	   the	   composite	   thin	   film	   to	  prevent	  GO	  aggregations,	   the	  dipping	   time	  of	  GO	  
was	  chosen	  to	  be	  30s	  future	  experiments.	   It	   is	  also	  worth	  noting	  that	  PTEBS	  layer	   is	  barely	  
seen	   in	   those	   bilayer	   films.	   In	   the	   ideal	   case	   the	   PTEBS	   layer	   should	   be	   isolating	   the	   GO	  
sheets	  adsorbed	  from	  two	  individual	  adsorptions,	  and	  GO	  sheets	  should	  not	  adsorb	  on	  each	  
other	   in	   the	   same	   dipping	   since	   they	   carry	   the	   same	   charge	   (this	   is	   why	   layer-­‐by-­‐layer	  
assembly	  is	  so	  called),	  as	  a	  result	  the	  stacking	  behavior	  of	  GO	  sheets	  should	  not	  occur	  in	  the	  
AFM	  images	  if	  there	  is	  enough	  PTEBS	  adsorbed.	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Figure	  2-­‐14.	  AFM	  tapping	  mode	  images	  of	  2	  bilayer	  ELBL	  thin	  film	  with	  different	  GO	  dipping	  time:	  (a)	  
30	  s;	  (b)	  60	  s;	  (c)	  120	  s.	  Dipping	  time	  in	  C442	  and	  PTEBS	  were	  fixed	  to	  be	  30	  s.	  
	  
Due	   to	   the	   lack	   of	   PTEBS	   adsorbed	   in	   the	   bilayer	   film	   (which	   is	   of	   the	   2x(1+1)	   type),	   a	  
modified	  ELBL	  assembly	  sequence	   is	  proposed,	  which	  contains	  5	  PETBS	   layers	  (30s	  dipped)	  
and	  1	  GO	  layer	  (30s	  dipped)	  in	  each	  cycle,	  and	  thin	  films	  containing	  4	  and	  8	  assembly	  cycles	  
were	  prepared,	  referred	  as	  4x(1+5)	  film	  and	  8x(1+5)	  film,	  respectively.	  Figure	  2-­‐15(a)	  and	  (b)	  
shows	  the	  SEM	  images	  of	  these	  films	  under	  500x	  magnification.	  It	  can	  be	  observed	  that	  after	  
the	   layer	  number	  of	  PTEBS	   increased	   to	  5	   in	  each	  cycle,	  most	  adsorbed	  GO	   is	   “buried”	  by	  
PTEBS,	  except	   for	  those	   large	  multilayer	  aggregates	  with	  diameter	  much	   larger	  than	  2	  μm,	  
indicating	  the	  adsorbed	  PTEBS	  is	  much	  increased.	  Note	  that	  some	  vacancies	  can	  be	  seen	  in	  
Figure	  2-­‐15(a),	  which	  are	  the	  result	  of	  removal	  of	  GO	  aggregates	  after	  a	  few	  layers	  of	  PTEBS	  
54	  |	  P a g e 	  
	  
have	   been	   deposited.	   These	   vacancies	   give	   good	   indicate	   of	   the	   depth	   of	   PTEBS	   formed	  
around	  GO	  aggregates.	  As	  total	  dipping	  cycles	   increases,	   less	  GO	  aggregates	  were	  exposed	  
and	  also	  more	  vacancies	  beneath	  the	  top	  layer	  of	  PTEBS	  can	  be	  seen,	  as	  shown	  by	  the	  darker	  
regions	   in	   Figure	   2-­‐15(b).	   The	   close-­‐up	   views	   of	   4x(1+5)	   and	   8x(1+5)	   films	   under	   5000x	  
magnification	  are	  shown	  in	  Figure	  2-­‐15(c)	  and	  (d),	  respectively.	  They	  give	  good	  examples	  of	  
how	  large	  GO	  aggregates	  are	  gradually	  buried	  by	  PTEBS	  as	  total	  cycle	  number	  increases.	  In	  
the	   same	  GO	   aggregate,	   GO	   sheets	   that	   are	   parallel	   to	   the	   substrate	   are	   first	   covered	   by	  
PETBS	  and	  consequently	  buried	  as	  the	  PTEBS	  film	  grows	  thicker,	  leaving	  GO	  sheets	  vertical	  to	  
the	   substrate	   exposed	   (Figure	   2-­‐15(c)).	   In	   the	   consequent	   dipping	   and	   rinsing	   sequence,	  
those	  vertical	  GO	  sheets	  are	  either	  removed	  by	  repeating	  rinsing	  due	  to	  small	  contact	  area	  
for	  charge	  interaction,	  or	  buried	  by	  the	  growing	  PTEBS	  film	  (Figure	  2-­‐15(d)).	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Figure	   2-­‐15.	   SEM	   images	   of	   ELBL	   films	   with	   different	   film	   structure:	   (a)	   4x(1+5)	   under	   500x	  
magnification;	   (b)	   8x(1+5)	   under	   500x	   magnification;	   (c)	   4x(1+5)	   under	   5000x	   magnification;	   (d)	  
8x(1+5)	  under	  5000x	  magnification.	  
	  Although	   the	   ELBL	   assemble	   of	   PTEBS	   and	   GO	   composite	   films	   indicate	   good	   control	  over	  film	  thickness	  and	  GO	  sheet	  size	  and	  orientation,	  two	  fundamental	  properties	  of	  GO	  are	  limiting	  the	  performance	  of	  OPV	  devices	  fabricated	  from	  these	  composite	  films:	  First,	  even	  by	  choosing	  a	  short	  dipping	  time,	  the	  average	  diameter	  of	  GO	  sheets	  are	  still	  ~1	  μm,	  which	   is	   too	   large	   as	   compared	   to	   the	   achievable	   film	   thickness	   from	  ELBL.	  When	  GO	  sheets	   are	   almost	   vertical	   to	   the	   substrate,	   which	   is	   a	   desired	   orientation	   for	   OPV	  fabrication,	   they	  will	   be	   touching	   both	   electrodes	   and	   lead	   to	   short-­‐circuited	   devices.	  Second,	  as	  mentioned	  before,	  the	  in-­‐plane	  and	  intra-­‐plane	  conductivity	  of	  GO	  is	  too	  low	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for	  fabrication	  of	  efficient	  OPV	  device,	  and	  a	  lot	  of	  future	  work	  is	  needed	  to	  transfer	  this	  ELBL	  technique	  to	  less	  charged	  graphene	  species	  such	  as	  RGO.	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3. Photovoltaic	  devices	  using	  pristine	  graphene	  
The	  effect	  of	  graphene	  in	  a	  photovoltaic	  device	  is	  studied	  by	  doping	  small	  fraction	  of	  PG	  was	  
into	  the	  active	  layer	  of	  P3HT:PCBM	  solar	  cells,	  and	  evaluating	  the	  device	  J-­‐V	  characteristics	  
under	   simulated	   solar	   spectrum,	   device	   quantum	   efficiency	   and	   charge	   transport	  
mechanisms.	  Specifically,	  a	  20:2	  P3HT:PCBM	  system	  was	  chosen	  to	  investigate	  the	  effect	  of	  
graphene	  on	   increased	  donor/acceptor	   ratio,	   and	   the	  effect	  of	  graphene	   in	   the	   traditional	  
20:20	  P3HT:PCBM	  blend	  was	  also	  studied.	  
	  
3.1. Device	  fabrication	  	  
	  
All	  photovoltaic	  devices	  were	   fabricated	   following	  the	  standard	  procedure	  below,	  with	  the	  
final	  device	  configuration	  shown	  in	  Figure	  3-­‐1.	  
Customized	  patterned	  indium	  tin	  oxide	  (ITO)	  glass	  were	  purchased	  from	  Lumitech	  and	  were	  
sonicated	  with	  acetone,	  isopropanol	  alcohol	  (IPA)	  and	  deionized	  water	  for	  10	  minutes	  each,	  
then	  dried	  with	  clean	  compressed	  air.	  PEDOT:PSS	  was	  spin-­‐cast	  onto	  the	  ITO	  surface	  at	  2000	  
rpm	   and	   then	   heated	   to	   120°C	   for	   10	   minutes,	   yielding	   ~60nm	   thick	   PEDOT:PSS	   layer.	  
Solution	  exfoliated	  graphene	  was	  transferred	  from	  C6H6/C6F6	  mixed	  solvent	  to	  DCB	  using	  the	  
procedure	   mentioned	   in	   previous	   chapter,	   and	   diluted	   to	   the	   desired	   concentration.	   The	  
active	   layer	   was	   prepared	   by	   spin-­‐casting	   the	   appropriate	   P3HT:PCBM:graphene	   mixture	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onto	  PEDOT:PSS	  at	  800~1000	   rpm,	   leading	   to	   thickness	  of	  150~200	  nm.	   	  The	  solution	  was	  
always	   stirred	   overnight	   at	   60°C	   and	   sonicated	   for	   1	   hour	   before	   spin-­‐casting.	   The	   top	  
electrodes	  (cathode)	  were	  formed	  by	  evaporating	  0.6	  nm	  lithium	  fluoride	  (LiF)	  and	  200	  nm	  
aluminum	   onto	   the	   active	   layer	   by	   thermal	   evaporation	   at	   1.5x10-­‐6	   torr	   vacuum,	   and	   a	  
shadow	  mask	  was	   used	   to	   define	   the	   shape	   and	   position	   of	   top	   electrodes.	   On	   each	   1x1	  
inch2	  substrate,	  six	  identical	  devices	  can	  be	  fabricated	  using	  this	  method,	  and	  the	  active	  area	  
of	   each	   device	   is	   defined	   by	   the	   overlapping	   area	   of	   ITO	   anode	   and	   aluminum	   cathode,	  
which	  is	  9	  mm2.	  After	  fabrication	  the	  whole	  device	  was	  annealed	  at	  150°C	  for	  10	  minutes	  on	  
a	  hotplate	  in	  nitrogen	  filled	  glovebox.	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Figure	   3-­‐1.	   OPV	   device	   configurations:	   (a)	   top	   view,	   red	   squares	   highlight	   the	   active	   area,	   arrows	  
indicate	  electrode	  contacts	  and	  substrate	  (b)	  cross-­‐section	  view	  of	   individual	  P3HT:PCBM:PG	  device	  
with	  the	  sandwiched	  active	  layer.	  
	  
3.2. Device	  characterization	  
	  
Device	  performance	  was	  measured	  with	  an	  Oriel	  150W	  solar	   simulator	  with	  AM1.5G	  solar	  
spectrum	  with	  100	  mW/cm2	  (one	  sun)	   intensity.	  Lamp	   intensity	  has	  been	  calibrated	  with	  a	  
National	   Renewable	   Energy	   Laboratory	   (NREL)	   certified	   silicon	   reference	   solar	   cell.	   A	   2x2	  
mm2	  shadow	  mask	  was	  used	  to	  better	  define	  the	  illumination	  area.	  Device	  J-­‐V	  characteristic	  
was	  recorded	  with	  a	  computer	  controlled	  Keithley	  2400	  source	  meter	  unit,	  and	  performance	  
parameters	   such	   as	   short	   circuit	   current	   density	   (Jsc),	   open	   circuit	   voltage	   (Voc),	   power	  
conversion	  efficiency	  (η)	  and	  fill	  factor	  (FF)	  were	  extracted	  from	  device	  J-­‐V	  curves.	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Figure	  3-­‐2	  shows	  the	  best	  Device	  performance	  of	  20:2	  P3HT:PCBM	  devices	  with	  different	  PG	  
concentration,	  under	  AM	  1.5G	  testing	  conditions.	  	  The	  J-­‐V	  curve	  under	  illumination	  is	  shown	  
in	  Figure	  3-­‐2(a).	  Note	  that	   the	   J-­‐V	  curve	  changes	  dramatically	  when	  PG	   is	  added	  even	  at	  a	  
small	  concentration.	  From	  Figure	  3-­‐2(b),	   Jsc	   shows	  a	   three-­‐fold	   increase	  with	   increasing	  PG	  
concentration,	  indicating	  the	  two	  important	  roles	  that	  PG	  may	  be	  playing:	  	  
	  
1.	  Exciton	  dissociation	  is	  greatly	  facilitated	  at	  P3HT:PG	  interface,	  as	  proved	  in	  Raman	  
and	  PL	  quenching	  results	  in	  Chapter	  2.4;	  	  
2.	  PG	  may	  enhance	  the	  mobility	  of	  free	  charges	  through	  the	  active	  layer,	  by	  forming	  
percolation	  pathways,	  and	  much	  higher	  charge	  carrier	  mobility	  is	  achieved.	  	  
	  
In	   figure	   3-­‐2(c),	   decreased	  Voc	   to	   a	   lower	   level	   is	   seen	  when	   PG	   is	   added	   as	   compared	   to	  
P3HT:PCBM	  only	  device,	  and	  stays	  at	  this	  level	  when	  PG	  concentration	  increases.	  This	  is	  due	  
to	   work	   function	   difference	   between	   graphene	   and	   PCBM	   [61],	   and	   the	   formation	   of	  
multiple	  heterojunction	  modifies	  the	  Voc,	  as	  has	  been	  shown	  for	  other	  blend	  materials	  [75],	  
including	  those	  devices	  fabricated	  with	  carbon	  nanotubes	  [57].	  	  
	  
Although	  the	  FF	  values	  in	  Figure	  3-­‐2(e)	  show	  a	  steady	  decrease	  with	  PG	  concentration,	  which	  
is	  possibly	  attributed	  to	  the	  increased	  interfacial	  roughness	  between	  active	  layer	  and	  the	  top	  
electrode	  with	   graphene	   added,	   the	   total	   power	   conversion	   efficiency	   (Figure	   3-­‐2(d))	   has	  
significantly	  increased	  from	  ~0.22%	  to	  ~0.65%,	  showing	  almost	  three	  fold	  increase.	  Besides,	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the	  lower	  FF	  also	  indicates	  that	  work	  should	  be	  done	  to	  control	  graphene	  distribution	  within	  
the	  active	  layer	  and	  there	  is	  room	  for	  improvement	  of	  the	  device	  parameters	  and	  efficiency.	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Figure	  3-­‐2.	  Performance	  of	  20:2	  P3HT:PCBM	  photovoltaic	  devices	  with	  small	  fraction	  of	  PG	  added.	  (a)	  
J-­‐V	  curve	  under	  illumination;	  (b)	  Jsc	  (c)	  Voc	  and	  (d)	  FF	  as	  a	  funtion	  of	  graphene	  concentration.	  
	  
For	  another	  batch	  of	  solar	  cells,	  PG	  was	  added	  into	  traditional	  20:20	  P3HT:PCBM	  system	  to	  
compare	  the	  effect	  of	  PG	  in	  a	  system	  where	  the	  percolation	  of	  acceptor	  is	  already	  formed.	  	  	  
The	  OPV	  device	  performance	  is	  shown	  in	  Figure	  3-­‐3.	   It	  can	  be	  seen	  in	  Figure	  3-­‐3(a)	  and	  (c)	  
that	  Jsc	  and	  efficiency	  increased	  about	  10%	  from	  P3HT:PCBM	  only	  device,	  when	  0.005	  ml/mL	  
PG	   was	   added.	   However,	   when	   PG	   concentration	   increased	   to	   0.01	  mg/mL,	   both	   Jsc,	   Voc,	  
efficiency	  and	  FF	  decreased	  dramatically.	  The	   initial	   increase	  can	  attribute	   to	   the	   fact	   that	  
PCBM	  may	  have	  not	  reached	  the	  optimal	  bicontinuous	  morphology	  and	  there	  is	  space	  for	  PG	  
to	   create	  more	  percolations,	   as	  well	   as	  more	  donor-­‐acceptor	   interface.	  But	  once	   the	   total	  
volume	  of	  PG	  and	  PCBM	  exceed	   certain	   threshold	   (it	   could	  be	  a	   little	  higher	   than	  50%	  by	  
weight	   for	   a	   non-­‐optimized	   morphology),	   they	   start	   to	   form	   large	   aggregates	   and	   short-­‐
circuit	  the	  whole	  device,	  as	  can	  be	  seen	  in	  the	  rapidly	  dropping	  FF	  value	  in	  Figure	  3-­‐3(d).	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Figure	  3-­‐3.	  Performance	  of	  20:20	  P3HT:PCBM	  photovoltaic	  devices	  with	  diffrerent	  PG	  concentration.	  
(a)	  Jsc;	  (b)	  Voc;	  (c)	  Efficiency;	  (d)	  FF.	  
	  
3.3	  External	  quantum	  efficiency	  
External	  quantum	  efficiency	  (EQE)	  is	  defined	  as	  the	  power	  conversion	  efficiency	  of	  the	  OPV	  
device	  under	   the	   illumination	  of	   light	  with	   specific	  wavelength,	  and	   it	   can	  be	  expressed	   in	  
the	  following	  Equation	  3-­‐1:	  	  
𝐸𝑄𝐸(𝜆) = !𝑒(!)!𝑝ℎ(!)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (3-­‐1)_	  
Ne(λ)	  is	  the	  number	  of	  electron	  collected	  (in	  unit	  area)	  per	  second	  at	  wavelength	  λ,	  and	  Nph(λ)	  
is	  the	  number	  of	  incident	  photons	  (in	  unit	  area)	  on	  the	  cell	  per	  second	  with	  wavelength	  λ.	  It	  
shows	   the	   sensitivity	   of	   the	   OPV	   device	   to	   different	   wavelength	   in	   solar	   spectrum	   and	  
reveals	   information	   about	   film	  morphology.	   The	   device	   short-­‐circuit	   current	   density	   Jsc	   is	  
related	  to	  device	  EQE	  in	  the	  following	  way	  (assuming	  only	  one	  electron	  can	  be	  produced	  by	  
one	  incident	  photon):	  
Jsc=
Ne(λ)𝑘𝑒!!!! 	  = !𝑘𝑒 EQE(λ)Nph(λ)!!!! 	  = !!𝑒!! EQE(λ)P(λ)λ!!!! 	  	  	  	  	  	  	  	  (3-­‐2)	  
In	  Equation	  3-­‐2,	  ke	  is	  Coulomb	  constant,	  h	  is	  Plank	  constant,	  c	  is	  the	  speed	  of	  light	  in	  vacuum,	  
P(λ)	   is	  the	  light	   intensity	  at	  a	  specific	  wavelength	  λ,	  and	  λ1	  and	  λ2	  are	  the	  lower	  and	  upper	  
wavelength	  limit	  of	  the	  spectrum.	  Since	  Jsc	  is	  the	  number	  the	  collected	  electrons	  in	  unit	  area	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per	  second,	   it	  can	  be	  calculated	  by	  simply	   integrating	  the	  EQE	  curve	  over	  a	  spectrum	  with	  
known	  intensity.	  	  	  
	  
The	   EQE	   curves	   of	   previously	  mentioned	  OPV	   devices	   are	   shown	   in	   Figure	   3-­‐4.	   Upon	   the	  
addition	  of	  graphene,	  EQE	  has	  increased	  from	  about	  10%	  for	  the	  P3HT:PCBM	  only	  device	  to	  
about	  14%	   for	   the	  20:2:0.005	  device,	  and	   to	  more	   than	  18%	   for	   the	  20:2:0.01	  device.	  The	  
EQE	   is	   indicative	   of	   the	   structure	   of	   the	   active	   layer:	   altering	   the	   nanoscale	   morphology	  
influences	  exciton	  dissociation	  and	  charge	   transport,	   resulting	   in	  different	   J-­‐V	  signals	  upon	  
illumination	   by	  monochromatic	   light	   of	   varying	  wavelengths	   [26].	   Specifically,	   the	   600	   nm	  
peak	   in	   EQE	   curve	   is	   an	   indication	   of	   crystallized	   P3HT,	   and	   350	   nm	  peak	   result	   from	   the	  
absorption	  peak	  of	  PCBM.	  By	  comparing	  the	  relative	  peak	  intensity	  it	   is	  clear	  that	  the	  ratio	  
between	   600nm/350nm	   peak	   increases	   (from	   0.85	   to	   1.05)	   with	   PG	   concentration,	  
suggesting	  more	  contribution	  to	  EQE	  from	  ordered	  P3HT	  rather	  than	  PCBM.	  A	  slight	  redshift	  
of	   the	   EQE	   peak	   at	   350nm	   was	   observed	   when	   PG	   is	   added,	   and	   there	   is	   a	   significant	  
increase	   of	   EQE	   in	   the	   400-­‐550	   nm	   range	   for	   with	   increasing	   PG	   concentration.	   These	  
changes	  in	  the	  EQE	  are	  evidence	  of	  substantial	  modifications	  of	  the	  morphology	  of	  polymer-­‐
nanoparticle-­‐nanosheet	   (P3HT-­‐PCBM-­‐PG)	   ternary	   blends,	   as	   compared	   with	   the	   binary	  
polymer-­‐nanoparticle	  (P3HT-­‐PCBM)	  blends.	  	  
70	  |	  P a g e 	  
	  
	  
Figure	  3-­‐4.	  EQE	  curve	  of	  20:2	  P3HT:PCBM	  solar	  cell	  with	  various	  PG	  concentrations.	  
	  
3.4.	  Charge	  carrier	  recombination	  
Charge	  carrier	  recombination	  within	  a	  BHJ	  film	  is	  strongly	  influenced	  by	  the	  charge	  mobility	  
and	  the	  morphology	  of	  donor-­‐acceptor	  blend.	  After	  exciton	  dissociation,	  the	  charge	  carriers	  
(electrons	  and	  holes)	  may	  recombine	  in	  two	  ways:	  If	  the	  recombining	  electron	  and	  hole	  were	  
from	   the	   same	   exciton,	   it	   is	   called	   monomolecular	   (or	   germinate)	   recombination;	   If	   they	  
were	   from	   different	   excitons,	   it	   is	   called	   bimolecular	   (or	   non-­‐germinate)	   recombination.	  
Monomolecular	   recombination	  usually	   results	   from	   local	  defects,	   charge	   traps,	   low	  charge	  
carrier	  mobility,	  or	  lack	  of	  percolation	  pathways.	  Usually	  the	  total	  recombination	  rate	  is	  the	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sum	  of	  both	  types,	  and	  recombination	  cannot	  be	  prevented	  in	  BHJ	  solar	  cells.	  However,	  by	  
studying	  the	  prevailing	  recombination	  type,	  morphology	  information	  about	  the	  P3HT:PCBM	  
blend	  film	  can	  be	  acquired.	  The	  way	  to	  study	  recombination	  mechanism	  is	  to	  measure	  the	  
short-­‐circuit	  current	  density	  (Jsc)	  of	  device	  under	  different	  incident	  light	  intensities	  (Pin)	  and	  
use	  a	  log-­‐log	  plot	  to	  extract	  the	  recombination	  index	  α	  following	  Equation	  3-­‐3	  [76]:	  	  
Jsc~Pin	  
α	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (3-­‐3)	  
When	  α=1,	  it	  corresponds	  to	  the	  situation	  when	  only	  monomolecular	  recombination	  occurs.	  
When	   α=0.5,	   it	   corresponds	   to	   pure	   bimolecular	   recombination.	   For	   samples	  with	   20:2:0,	  
20:2:0.005	  and	  20:2:0.01	   ratio	  of	  P3HT:PCBM:PG,	   Jsc	  was	  measured	   in	   the	  Pin	   range	  of	  0.2	  
sun	  to	  2	  sun,	  with	  a	  fixed	  exposing	  area	  defined	  by	  a	  2x2	  mm2	  shadow	  mask.	  
J-­‐V	  curves	  for	  three	  different	  devices	  were	  recorded	  under	  different	  illumination	  intensities	  
and	   shown	   in	   Figure	   3-­‐5(a),	   (b)	   and	   (c),	   to	   study	   the	   recombination	  mechanism	   which	   is	  
strongly	  related	  to	  the	  morphology	  of	  the	  active	  layer.	  In	  order	  to	  get	  the	  power	  law	  scaling	  
of	  Jsc	  vs	  Pin,	  Jsc	  values	  were	  extracted	  from	  each	  intensity	  and	  plot	  against	  Pin	  in	  a	  double	  ln	  
plot	  (Figure	  3-­‐5(d)).	  By	  linear	  fitting	  the	  ln(Jsc)	  vs	  ln(Pin)	  plot,	  the	  recombination	  index	  α	  was	  
calculated	   for	   different	   devices,	   as	   shown	   in	   Figure	   3-­‐5(d).	   The	   recombination	   index	  
decreases	   from	  0.823,	   for	  P3HT:PCBM	  only	  device,	   to	  0.798	  for	  the	  20:2:0.005	  device,	  and	  
0.796	  for	  the	  20:2:0.01	  device,	  indicating	  a	  transition	  of	  recombination	  mechanism.	  All	  three	  
devices	  show	  evidence	  of	  both	  monomolecular	  and	  bimolecular	  recombination,	  but	  clearly	  
adding	   PG	   in	   the	   active	   layer	   leads	   to	   morphological	   change	   that	   allow	   larger	   degree	   of	  
bimolecular	   recombination	   to	   contribute.	   We	   postulate	   that	   this	   change	   in	   morphology	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originates	   from	   the	   fast	   transport	   of	   free	   charge	   carriers	   away	   from	   the	   sites	   of	   exciton	  
dissociation,	   with	   a	   recombination	   occurring	   between	   non-­‐geminate	   pairs	   at	   regions	   far	  
from	   the	   polymer/fullerene	   interface.	   Bimolecular	   recombination	   usually	   occurs	   between	  
two	   mobile	   free	   charges	   as	   opposed	   to	   monomolecular	   recombination,	   which	   occurs	  
between	  one	  mobile	  charge	  and	  another	  immobile	  charge.	  These	  results	  confirm	  the	  efficacy	  
of	  graphene	  in	  rapidly	  transporting	  charges	  in	  solar	  cells.	  
(a) 	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(b) 	  	  
(c)	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(d) 	  
Figure	   3-­‐5.	   J-­‐V	   curve	   under	   different	   illumination	   intensities	   for	   P3HT:PCBM:PG	   OPV	   devices:	  
(a)20:2:0;	  (b)	  20:2:0.005;	  (c)	  20:2:0.01;	  (d)	  ln(Jsc)	  vs	  ln(Intensity)	  plot	  for	  calculation	  of	  recombination	  
index	  α.	  
	  
3.5.	  Charge	  carrier	  mobility	  	  
Electron	   and	   hole	   mobility	   is	   defined	   as	   the	   speed	   electrons	   or	   holes	   can	   move	   through	  
semiconducting	  material	  under	   the	   influence	  of	  an	  electric	   field.	  Charge	   carrier	  mobility	   is	  
critical	  in	  a	  BHJ	  device	  in	  determining	  device	  performance	  due	  to	  the	  very	  short	  lifetime	  of	  
excitons.	  Given	  the	  nature	  that	  in	  a	  P3HT:PCBM	  BHJ	  device,	  P3HT	  is	  the	  channel	  transporting	  
holes	  and	  PCBM	  forms	  the	  channel	  for	  transporting	  electrons,	  charge	  transport	  is	  becoming	  
very	  unbalanced	  since	  the	  electron	  mobility	  (µe)	  in	  PCBM	  is	  about	  2~3	  orders	  of	  magnitude	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larger	   than	   the	   hole	   mobility	   (µh)	   in	   P3HT	   [13].	   This	   unbalanced	   charge	   transport	   will	  
inevitably	   lead	   to	   a	   space-­‐charge	   buildup	   along	   the	   normal	   direction	   of	   the	   active	   layer,	  
leading	   to	   decreased	   device	   efficiency	   and	   fill	   factor	   [77].	   	   In	   order	   to	   study	   the	   charge	  
transport	   in	   our	   BHJ	   device,	   a	   space-­‐charge-­‐limited	   current	   (SCLC)	  model	   can	   be	   used	   to	  
analysis	  the	  charge	  carrier	  mobility	  in	  the	  P3HT:PCBM:graphene	  blend	  [77].	  	  
For	   charge	   carrier	   mobility	   measurements,	   P3HT:PCBM	  master	   solution	   was	   prepared	   by	  
mixing	  P3HT	  and	  PCBM	  at	  40	  mg/mL	  and	  4	  mg/mL	  concentration	  in	  DCB,	  respectively.	  This	  
40:4	   P3HT:PCBM	   master	   solution	   was	   stirred	   overnight	   at	   60	   °C.	   Solution	   exfoliated	  
graphene	  was	  prepared	  following	  procedure	  mentioned	  in	  Chapter	  2.2	  and	  mixed	  with	  P3HT	  
and	   PCBM	   to	   form	   P3HT:PCBM:SEG	   blend	   solutions	   with	   different	   concentrations.	   These	  
solutions	  were	  stirred	  overnight	  at	  60	  °C	  overnight	  and	  sonicated	  for	  1	  hour	  before	  use.	  	  
	  
3.5.1.	  Hole	  Only	  Devices	  (HODs)	  and	  Electron	  Only	  Devices	  (EODs)	  	  
To	   make	   sure	   only	   the	   current	   from	   hole	   transport	   is	   measured	   in	   order	   to	   accurately	  
determine	  the	  hole	  mobility,	  HODs	  were	  designed	  by	  replacing	  the	  aluminum	  top	  electrode	  
of	  common	  OPV	  structure	  with	  palladium,	  forming	  ITO/PEDOT:PSS/active	  layer/Pd	  structure	  
shown	   in	   Figure	   3-­‐6(a).	   An	   energy	   plot	  with	   electrode	  work	   functions	   of	  HOD	   is	   shown	   in	  
Figure	  3-­‐6(b).	  Due	   to	   the	   large	  mismatch	  of	  Pd	  work	   function	   (-­‐5.12	  eV)	  and	   the	  LUMO	  of	  
PCBM	   (about	   -­‐3.7	   eV),	   electron	   injection	   is	   strongly	   suppressed	   in	   the	  HOD.	  On	   the	  other	  
hand,	   the	   close	  values	   in	  PEDOT:PSS	  work	   function,	  HOMO	  of	  P3HT	  and	  Pd	  work	   function	  
allow	   Ohmic	   contacts	   to	   form	   between	   the	   active	   layer	   and	   two	   electrodes	   and	   hole	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injection	  and	  extraction	  without	  an	  energy	  barrier,	  leading	  to	  directly	  measurement	  of	  hole	  
current.	  As	  a	  result,	  a	  single	  carrier	  space	  charge	  limit	  current	  (SCLC)	  model	  can	  be	  applied	  to	  
obta	  hole	  mobility.	  	  
	  
77	  |	  P a g e 	  
	  
	  
Figure	  3-­‐6.	  Hole	  only	  device	  for	  hole	  mobility	  measurement.	  (a)	  Device	  structure;	  (b)	  Energy	  diagram	  
and	  direction	  of	  hole	  transport.	  
	  
EODs	  were	  designed	  by	  replacing	  the	  ITO/PEDOT:PSS	  bottom	  electrode	  in	  our	  regular	  device	  
with	   Silver	   (work	   function=-­‐4.26	   eV),	   forming	   th	   structure	   of	   shown	   in	   Figure	   3-­‐7(a).	   	   The	  
work	  function	  of	  silver	  (-­‐4.26	  eV)	  was	  modified	  by	  a	  self-­‐assembled	  monolayer	  (SAM)	  [78]	  to	  
about	  -­‐3.8	  eV,	  which	  is	  close	  to	  the	  LUMO	  of	  PCBM,	  as	  shown	  in	  Figure	  3-­‐7(b).	  As	  a	  result,	  
hole	  injection	  is	  strongly	  suppressed	  and	  Ohmic	  contacts	  form	  between	  active	  layer	  and	  two	  
electrodes,	  enabling	  electron	  injection	  without	  energy	  barriers.	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Figure	  3-­‐7.	  Electron	  only	  device	  for	  electron	  mobility	  measurement.	  (a)	  Device	  structure;	  (b)	  Energy	  
diagram	  and	  direction	  of	  electron	  transport.	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3.5.2.	  Device	  fabrication	  	  
	  Patterned	  ITO	  bottom	  electrode	  for	  HODs	  fabrication	  was	  sonicated	  in	  acetone,	  IPA	  and	  DI	  
water	   for	  10	  minutes	  each	   to	   remove	   contaminations	   then	  dried	  under	  N2	   flow.	   Then	   the	  
PEDOT:PSS	  layer	  was	  spin	  cast	  onto	  ITO	  at	  2000	  rpm	  and	  then	  dried	  on	  a	  120	  °C	  hotplate	  for	  
10	   minutes	   in	   N2.	   The	   Ag	   bottom	   electrodes	   for	   EODs	   (100	   nm	   thick)	   were	   prepared	   by	  
thermal	  evaporation,	  then	  immediately	  immersed	  into	  a	  3x10-­‐3	  M	  solution	  of	  alkanethiol	  in	  
ethanol,	   and	   was	   left	   in	   N2	   filled	   glovebox	   for	   30	   hours	   to	   form	   SAM	   layer.	   The	   silver	  
electrodes	  were	  rinsed	  with	  ethanol,	  toluene	  and	  IPA	  then	  dried	  under	  N2	  flow	  right	  before	  
being	  used.	  	  
For	   both	   HODs	   and	   EODs,	   active	   layer	   was	   spin	   cast	   from	   P3HT:PCBM:SEG	   solution	   with	  
various	   SEG	  concentration	  at	  600~1000	   rpm.	  The	   thin	   films	  were	   then	   soft	  baked	   in	  N2	  at	  
60	  °C	  for	  30	  minutes	  before	  depositing	  the	  top	  electrodes.	  For	  HODs,	  100	  nm	  thick	  Pd	  top	  
electrode	  was	  deposited	  by	  sputtering.	  For	  EODs,	  0.6	  nm	  LiF	  and	  200nm	  Al	  were	  deposited	  
from	  thermal	  evaporation.	  HODs	  and	  EODs	  were	  annealed	  at	  150	  °C	  for	  10	  minutes	  before	  
measurement.	  Active	  area	  of	  HODs	  and	  EODs	  are	  3x3	  mm2.	  	  
	  
3.5.3.	  Measurement	  of	  charge	  carrier	  mobility	  
The	  SCL	  current	   for	  electron	  and	  hole	  only	  devices	  at	   low	  voltage	  can	  be	  approximated	  by	  
the	  conventional	  Mott–Gurney	  (M-­‐G)	  law	  in	  the	  following	  form	  [79]:	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𝐽!(!) = !!𝜀!𝜀!µμ!(!)exp  (0.891𝛾 !!) !!!! 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (3-­‐4)	  
Je(h)	  is	  the	  measured	  electron	  (hole)	  current	  density	  (J=I/A	  where	  A	  is	  the	  area	  of	  device),	  µe(h)	  
is	  the	  zero-­‐field	  mobility	  of	  the	  electrons	  (holes),	  𝜀!	  is	  the	  vacuum	  permittivity	  (8.854x10-­‐12	  
F/s),	  𝜀! 	  is	  the	  relative	  permittivity	  of	  the	  material	  (3.9	  for	  PCBM[14]	  and	  3.0	  for	  P3HT[80],	  an	  
estimated	  value	  of	  3.0	  is	  used	  for	  20:2	  P3HT:PCBM	  system).	  γ	  is	  the	  field	  activation	  factor,	  V	  
is	  the	  applied	  voltage	  and	  L	  is	  the	  thickness	  of	  the	  active	  layer.	  	  
	  
Electron	   only	   devices	   (EODs)	   containing	   20:2:0,	   20:2:0.005,	   20:2:0.025	   and	   20:2:0.1	  
P3HT:PCBM:SEG	  were	  measured	  under	  0~3	  V	  voltage	  scan	  range	  with	  a	  Keithley	  2400	  source	  
meter	  unit	  and	  the	  I-­‐V	  curves	  are	  plotted	  in	  Figure	  3-­‐8(a).	  The	  active	  layer	  thickness	  L	  (~100	  
nm)	   was	   determined	   using	   profilometry.	   Non-­‐liner	   fitting	   towards	   M-­‐G	   equation	   was	  
performed	  on	  the	  curves	  using	  electron	  mobility	  and	  field	  activation	  factor	  as	  only	  variable	  
parameters	  and	  electron	  mobility	  µe	  for	  each	  device	  was	  plotted	  against	  SEG	  concentration	  
in	  Figure	  3-­‐8(b).	  20:2:0	  EOD	  shows	  low	  electron	  mobility	  due	  to	  poor	  electron	  conductivity	  of	  
P3HT	   and	   relatively	   low	   ratio	   of	   PCBM,	   as	   compared	   to	   electron	   mobility	   of	   50%:50%	  
P3HT:PCBM	   blend	   from	   literature	   (~2.5x10-­‐7	   m2V-­‐1S-­‐1)	   [13].	   Figure	   3-­‐8(b)	   shows	   that	   µe	  
increases	   with	   SEG	   concentration	   rapidly	   even	   at	   low	   SEG	   doping	   ratio,	   suggesting	   the	  
formation	   of	   electron	   transport	   channels	   (percolation)	   by	   SEG	   nanosheets.	   The	   increasing	  
electron	  mobility	  partially	  explains	   the	   improvement	   in	  OPV	  device,	   since	   the	  optimal	  SEG	  
concentration	   that	   leads	   to	  best	  device	  performance	   (20:2:0.01)	  also	  corresponds	   to	  more	  
than	  one	  order	  of	  magnitude	  increase	  in	  µe.	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Figure	   3-­‐8.	   Electron	   mobility	   calculated	   from	   P3HT:PCBM:SEG	   EODs	   with	   different	   SEG	  
concentrations.	  (a)	  I-­‐V	  plot	  from	  electric	  measurement.	  Straight	  lines	  show	  M-­‐G	  fit	  to	  extract	  mobility.	  
(b)	  Relationship	  between	  µe	  and	  SEG	  concentration.	  
	  
The	   I-­‐V	   characteristics	  were	  measured	   for	  HODs	   containing	  20:2:0,	   20:2:0.005,	  20:2:0.025,	  
20:2:0.05	  and	  20:2:0.1	  P3HT:PCBM:SEG	  and	  Figure	  3-­‐9(a)	   shows	   the	  M-­‐G	   fitting	   to	  extract	  
hole	   mobility	   values	   from	   I-­‐V	   curves.	   Hole	   mobility	   was	   calculated	   and	   plot	   against	   SEG	  
concentration	   in	   Figure	   3-­‐9(b).	   The	   hole	  mobility	   of	   20:2	   P3HT:PCBM	  without	   SEG	   shows	  
three-­‐order-­‐of-­‐magnitude	  lower	  hole	  mobility	  than	  electron	  mobility,	  confirming	  the	  charge	  
transfer	  in	  20:2	  P3HT:PCBM	  device	  is	  very	  unbalanced.	  Hole	  mobility	  rapidly	  increases	  with	  
SEG	   concentration	   between	   0~0.05	   mg/mL,	   and	   more	   than	   three	   orders	   of	   magnitude	  
increase	   in	   µh	   is	   observed,	   suggesting	   graphene	   concentration	   has	   exceeded	   a	   value	   for	  
percolation	  pathways	  to	  form.	  With	  further	  increase	  in	  SEG	  concentration,	  slightly	  decreased	  
hole	   mobility	   is	   observed.	   This	   is	   because	   the	   π-­‐π	   interaction	   between	   P3HT	   chains	   and	  
excess	  graphene	  nanosheets	  in	  the	  active	  layer	  have	  become	  obstacle	  for	  P3HT	  diffusion	  and	  
will	   interrupt	   the	   formation	   of	   order	   P3HT	   structure	   during	   thermal	   annealing.	   Since	  
crystallized	  P3HT	  is	  the	  main	  contributor	  to	  efficient	  hole	  transport,	  graphene	  concentration	  
over	  0.05	  mg/mL	  has	  a	  negative	  effect	  on	  hole	  transport	  and	  should	  be	  avoided.	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Figure	  3-­‐9.	  Hole	  mobility	  calculated	  from	  P3HT:PCBM:SEG	  HODs	  with	  various	  SEG	  concentratins.	  (a)	  I-­‐
V	  plot	   from	  electric	  measurement.	   Straight	   lines	   show	  M-­‐G	   fit	   to	   extract	  mobility.	   (b)	  Relationship	  
between	  µh	  and	  SEG	  concentration.	  
	  
The	  charge	  carrier	  mobility	  measurements	  provides	  valuable	   information	  about	  the	  charge	  
transport	  in	  the	  active	  layer	  P3HT:PCBM:graphene	  OPV	  device,	  and	  shows	  one	  of	  the	  major	  
factors	   that	   limit	   the	   device	   efficiency	   of	   	   20:2	   P3HT:PCBM	   solar	   cells	   is	   the	   unbalanced	  
electron	   and	   hole	   transport.	   By	   introducing	   graphene	   into	   the	   system,	   both	   electron	   and	  
hole	   mobility	   increase,	   since	   the	   work	   function	   of	   single	   layer	   graphene	   is	   suitable	   for	  
transporting	   both	   electrons	   and	   holes.	   More	   importantly,	   one	   of	   the	   advantage	   of	  
introducing	  graphene	  is	  the	  difference	  between	  electron	  mobility	  and	  hole	  mobility	  become	  
smaller	  when	  graphene	  concentration	  increases	  (from	  µe>1000	  µh	  at	  20:2:0	  P3HT:PCBM:SEG,	  
to	   µe~100	   µh	   at	   20:2:0.05	   P3HT:PCBM:SEG),	   and	   this	   balanced	   charge	   transport	   greatly	  
benefits	  device	  efficiency	  and	  fill	  factor.	  Charge	  carrier	  mobility	  measurements	  also	  reveals	  
the	  negative	  effect	  when	  graphene	  concentration	  goes	  too	  high,	  and	  provides	  guidelines	  of	  
applicable	  graphene	  concentration	   range	   in	  our	  device.	  The	  negative	  effect	  will	  be	   further	  
discussed	  in	  Chapter	  4.5	  in	  the	  context	  of	  active	  layer	  morphology.	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4.	  Study	  of	  active	  layer	  morphology	  
The	  morphology	  formed	  by	  the	  immiscible	  P3HT	  PCBM	  blend	  in	  the	  active	  layer	  has	  been	  the	  
focus	  of	  many	   studies	  and	   it	   is	  believed	   that	   a	   controllable	  morphology	   is	   the	  key	   to	  high	  
performance	   P3HT:PCBM	   solar	   cell	   device,	   since	   the	   most	   critical	   processes,	   i.e.	   exciton	  
dissociation	  and	  charge	  transfer	  can	  then	  be	  accurately	  turned	  by	  altering	  the	  domain	  size	  
and	  arrangement	  of	  P3HT	  and	  PCBM	  phase.	  Using	  neutron	  reflectivity	  (NR)	  and	  atomic	  force	  
microscope	  (AFM),	  we	  characterized	  the	  effect	  of	  graphene	  on	  the	  vertical	  and	  lateral	  phase	  
segregation	  of	  P3HT	  and	  PCBM	  blend,	  and	  demonstrated	  that	  	  graphene	  has	  strong	  effects	  
on	  both	  vertical	  and	  lateral	  phase	  separation	  in	  the	  active	  layer.	  
	  
4.1.	  Sample	  preparation	  
In	   order	   to	   accurately	   prepare	   P3HT:PCBM:graphene	   solution,	   a	   40:4	   P3HT:PCBM	  master	  
solution	  was	   first	   prepared	   by	  mixing	   40	  mg	   P3HT	   and	   4	  mg	   PCBM	  with	   1.0	  mL	  DCB	   and	  
stirred	   at	   60	   °C	   overnight.	   The	   master	   solution	   was	   then	   separated	   into	   four	   0.25	   mL	  
portions	   and	   mixed	   with	   appropriate	   amount	   of	   0.1	   mg/mL	   SEG	   suspension	   and	   DCB	   to	  
achieve	   20:2:0,	   20:2:0.005,	   20:2:0.01	   and	   20:2:0.05	   mg/mL	   P3HT:PCBM:SEG	   ratios.	   The	  
solutions	  were	   stirred	  overnight	   at	   50°C	  and	   sonicated	   for	  1	  hour	  before	   spin	   casting	   into	  
different	  samples.	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4.2.	  Vertical	  film	  morphology:	  neutron	  reflectivity	  
Thin	   films	   for	   neutron	   reflectivity	   study	   was	   prepared	   on	   5	   mm	   thick	   silicon	   wafers.	   The	  
wafers	   were	   first	   sonicated	   in	   acetone,	   IPA	   and	   DI	   water	   for	   10	   minutes	   respectively	   to	  
remove	   surface	   contaminations,	   followed	   by	   UV-­‐ozone	   treatment	   for	   10	   minutes.	  
P3HT:PCBM:graphene	  solutions	  at	  different	  concentrations	  were	  spin	  cast	  onto	  Si	  wafers	  at	  
3000	   rpm,	   leading	   to	   films	   about	   50	   nm	   thick.	   Neutron	   reflectivity	   measurement	   was	  
performed	  at	  BL-­‐4B	  liquid	  reflectometry,	  ORNL,	  with	  Q	  ranging	  from	  0.008~0.16	  Å-­‐1.	  Thermal	  
annealing	   of	   thin	   films	  was	   done	   by	   leaving	   the	   samples	   in	   a	   150	   °C	   vacuum	  oven	   for	   10	  
minutes.	  The	  reflectivity	  was	  measured	  for	  both	  as-­‐cast	  and	  annealed	  samples,	   in	  order	  to	  
study	  the	  phase	  behavior	  during	  annealing.	  	  
The	   strong	   contrast	   of	   neutron	   scattering	   length	   density	   (SLD)	   between	   P3HT	   and	   PCBM	  
makes	  it	  possible	  to	  identify	  the	  compositional	  difference	  perpendicular	  to	  the	  substrate	  and	  
characterize	  the	  distribution	  of	  PCBM	  in	  the	  thin	  film.	  Neutron	  reflectivity	  R	  for	  as-­‐cast	  and	  
annealed	  films	  is	  plotted	  in	  log(RQ4)	  vs	  Q	  plots	  and	  shown	  in	  Figure	  4-­‐1.	  Reflectivity	  is	  then	  
fitted	  to	  a	  multi-­‐layered	  model	  with	  varying	  P3HT/PCBM	  ratio,	  using	  Motofit	  package	  in	  Igor	  
Pro,	  and	  the	  best	   fits	  are	  shown	   in	  solid	   lines	   in	  Figure	  4-­‐1.	   	  The	  SLD	  profiles	  of	   thin	   films,	  
which	  are	  the	  theoretical	  model	  from	  the	  best	  fits,	  are	  shown	  in	  Figure	  4-­‐2.	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Figure	   4-­‐1.	   	  NR	   intensity	  of	   (a)	  as-­‐cast	   films	  and	   (b)	  annealed	   films	  containing	  different	  SEG	   ratios.	  
Black	   circles:	   20:2:0;	   red	   squares:	   20:2:0.005;	  blue	   triangles:	   20:2:0.01;	   green	  diamonds:	  20:2:0.05.	  
Error	  bars	  are	  from	  reflectivity	  measurements.	  Best	  fits	  are	  shown	  in	  solid	  lines.	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Figure	  4-­‐2.	  SLD	  profiles	  from	  best	  fitting.	  (a)	  as-­‐cast	  films;	  (b)	  annealed	  films;	  (c)	  zoomed-­‐in	  view	  for	  
as-­‐cast	  films;	  (d)	  magnified	  view	  for	  annealed	  films.	  	  
	  
A	   less	   than	   10	   Å	   native	   SiO2	   layer	   is	   observed	   on	   all	   Si	   substrates,	   which	   is	   the	   result	   of	  
natural	  oxidization	  of	  Si.	   	   For	  all	   as-­‐cast	   films,	   the	  SLD	  profile	   shows	  clearly	  defined	   three-­‐
layered	   structures,	   resulting	   partly	   from	   surface-­‐directed	   vertical	   phase	   separation.	   Since	  
PCBM	  is	  more	  hydrophilic	  than	  P3HT,	  it	  aggregates	  at	  the	  hydrophilic	  SiO2	  surface	  and	  forms	  
a	  very	  thin	  (2~3	  nm)	  PCBM	  rich	  layer	  at	  the	  polymer-­‐SiO2	  interface	  (region	  I	  in	  Figure	  4-­‐2(c)).	  
A	  layer	  about	  16	  nm	  thick	  with	  SLD	  value	  close	  to	  that	  of	  20:2	  P3HT:PCBM	  blend	  is	  seen	  at	  
polymer-­‐air	  interface	  (region	  III	  in	  Figure	  4-­‐2(c)),	  indicating	  there	  is	  no	  preferred	  aggregation	  
of	   either	   P3HT	   or	   PCBM,	   although	   in	   some	   reports	   a	   P3HT	   rich	   layer	   is	   observed	   due	   to	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higher	   surface	   energy	   of	   PCBM	   [81,	   82].	   	   A	   P3HT	   rich	   layer	   (region	   II	   in	   Figure	   4-­‐2(c))	   is	  
sandwiched	  between	  the	  other	  two	  layers,	  and	  this	  is	  the	  direct	  result	  of	  PCBM	  aggregation	  
in	  region	  I	  and	  depletion	  of	  PCBM	  in	  region	  II.	  The	  effect	  of	  graphene	  in	  as-­‐cast	  films	  is	  not	  
obvious,	  with	  the	  20:2:0.005	  sample	  showing	  slightly	  higher	  PCBM	  concentration	  in	  region	  II	  
and	   region	   III,	   and	   lower	   concentration	   in	   region	   I,	   indicating	   graphene	   could	   have	   some	  
effect	  in	  preventing	  PCBM	  aggregation	  on	  SiO2	  surface.	  
During	   thermal	   annealing	   at	   150	   °C,	   PCBM	   is	   given	   higher	   energy	   and	   is	   able	   to	   diffuse	  
through	   P3HT	  matrix	  more	   easily,	   leading	   to	   further	   development	   in	   SLD	   profiles.	   Several	  
changes	  can	  be	  seen	  in	  the	  SLD	  profiles	  for	  annealed	  films	  from	  Figure	  4-­‐2(d):	  	  
1.	  For	  20:2:0	   film,	  PCBM	  continues	   to	  diffuse	   towards	  polymer-­‐SiO2	   interface	  as	  well	  as	   to	  
polymer-­‐air	   interface,	   causing	   strong	   PCBM	   accumulation	   in	   region	   I	   and	   increased	   PCBM	  
concentration	  in	  the	  top	  layer	  (region	  IV).	  The	  previous	  P3HT-­‐rich	  layer	  “splits”	  into	  two	  sub-­‐
layers:	  a	  second	  PCBM-­‐rich	  layer	  (region	  II)	  and	  a	  PCBM-­‐depleted	  layer	  with	  very	  low	  PCBM	  
concentration	  (region	  III).	  	  	  	  
2.	   The	  diffusion	  and	  depletion	  of	  PCBM	  during	  annealing	  also	  occurs	   in	   sample	   containing	  
graphene.	  Interestingly,	  with	  increasing	  graphene	  concentration	  in	  the	  film,	  the	  diffusion	  of	  
PCBM	   towards	   SiO2	   surface	   becomes	   less	   obvious,	   leading	   to	   region	   I	   and	   region	   II	   with	  
relatively	   lower	   PCBM	  concentration.	   Specifically,	   in	   20:2:0.005	   film,	   the	   difference	   in	   SLD	  
between	  PCBM-­‐rich	   region	   II	   and	  P3HT-­‐rich	   region	   III	  becomes	   less	  as	   compared	   to	  20:2:0	  
film.	  In	  20:2:0.01	  and	  20:2:0.05	  samples,	  one	  homogeneous	  layer	  is	  observed	  in	  region	  II	  and	  
region	   III	  and	  no	  “splitting”	  happens.	  For	   these	  two	  films,	  a	   three-­‐layered	  model	  describes	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the	   vertical	   phase	   separation	   better	   than	   a	   four-­‐layered	  model,	   as	   indicated	   by	   lowerχ2	  
values	  in	  the	  fitting.	  	  
3.	   Higher	   PCBM	   concentration	   in	   the	   top	   layer	   is	   observed	   in	   all	   annealed	   samples,	   as	  
compared	   to	   as-­‐cast	   films.	   Samples	   containing	   graphene	   also	   leads	   to	   top	   layers	   richer	   in	  
PCBM,	  either	  with	  or	  without	  thermal	  annealing.	  	  
	  
	  
Figure	   4-­‐3.	   Schematic	   illustration	   of	   vertical	   phase	   segregation	   caused	   by	   PCBM	   diffusion	   during	  
thermal	  annealing.	  Darker	  color	  indicates	  higher	  PCBM	  concentration	  in	  the	  region.	  
	  
Figure	  4-­‐3	  shows	  a	  schematic	  depiction	  comparing	  the	  vertical	  phase	  separation	  in	  different	  
samples.	   The	   compositional	   difference	   at	   different	   regions	   of	   P3HT:PCBM	   blend	   film	   is	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illustrated	  by	  different	  color	  scale.	  A	  pure	  P3HT	   layer	  will	  appear	  blue,	  while	  a	  pure	  PCBM	  
layer	  is	  black.	  A	  darker	  blue	  color	  is	  an	  indication	  of	  a	  more	  PCBM	  rich	  layer.	  	  From	  Figure	  4-­‐3,	  
the	   direction	   of	   PCBM	   diffusion	   during	   thermal	   annealing	   is	   revealed	   by	   PCBM	  
concentrations	  before	   and	  after	   annealing.	   It	   is	   believed	   that	   the	  driving	   force	   for	   vertical	  
phase	  separation	  is	  the	  immiscibility	  of	  P3HT	  and	  PCBM,	  as	  well	  as	  surface	  energy	  difference.	  
Since	  PCBM	  has	  higher	  surface	  energy	  (~38.2	  mJ/m2	  [83])	  than	  P3HT	  (~25.79	  mJ/m2	  [84]),	  it	  
is	  more	  energetically	  preferred	  when	  PCBM	  forms	  aggregation	  at	  the	  SiO2	  surface,	  which	  has	  
about	   48	   mJ/m2	   surface	   energy.	   However,	   in	   a	   P3HT:PCBM	   photovoltaic	   device,	   such	  
aggregation	   and	   the	   consequent	   PCBM	   depletion	   in	   region	   III	   is	   not	   desirable,	   since	   a	  
uniform	   distribution	   of	   PCBM	   throughout	   the	   active	   layer	   is	   critical	   	   for	   efficient	   exciton	  
dissociation	  and	  rapid	  charge	  transport.	  Besides,	  the	  high	  electron	  density	  in	  PCBM-­‐rich	  layer	  
near	   ITO	  anode	  will	  strongly	  recombine	  with	  holes	  that	  should	  be	  collected	  at	   ITO,	   further	  
diminishing	  OPV	  device	  performance.	  
There	   has	   always	   been	   debate	   on	   the	   mechanism	   of	   PCBM	   vertical	   segregation	   and	   its	  
influence	   on	   P3HT:PCBM	   solar	   cell	   device	   performance,	   especially	   when	   the	   device	   is	  
constructed	   with	   a	   50%:50%	   P3HT:PCBM	   film	   [85,	   86].	   However,	   we	   believe	   that	   in	   the	  
system	  we	  studied	  (20:2	  P3HT:PCBM	  film),	  the	  small	  amount	  of	  PCBM	  is	  playing	  an	  essential	  
role	  of	  dissociating	  excitons.	  Any	  preferential	   segregation	  of	  PCBM	  on	   the	  polymer:PEDOT	  
interface	  will	  lead	  to	  a	  PCBM-­‐depleted	  zone	  in	  the	  neighboring	  region	  (as	  shown	  in	  Figure	  4-­‐
2(d)	   )	   and	   thus	  dramatically	   reduce	  power	   conversion	  efficiency.	   The	  observation	   that	   the	  
existence	  of	  graphene	  in	  the	  20:2	  P3HT:PCBM	  blend	  film	  suppresses	  the	  formation	  of	  PCBM-­‐
rich	  layer	  near	  the	  anode	  and	  leads	  to	  more	  homogeneous	  PCBM	  distribution	  in	  the	  active	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layer	  is	  consistent	  with	  our	  previous	  solar	  cell	  performance	  result,	  when	  we	  see	  dramatically	  
improved	  performance	  when	  graphene	  is	  introduced	  in	  20:2	  P3HT:PCBM	  cells,	  as	  mentioned	  
in	  previous	  chapter.	  	  The	  best	  device	  performance	  comes	  from	  the	  20:2:0.01	  thin	  film,	  which,	  
in	   this	   study,	   shows	   most	   homogeneous	   PCBM	   vertical	   distribution.	   Neutron	   reflectivity	  
provides	  us	  deeper	  understanding	   about	   the	   vertical	   phase	   separation	  and	  evidences	   that	  
graphene	  influence	  the	  device	  performance	  by	  suppressing	  the	  vertical	  phase	  segregation	  of	  
PCBM,	   in	   addition	   to	   creating	   charge	   transport	   pathways	   in	   the	   active	   layer,	   which	   we	  
believe	  is	  the	  main	  reason	  for	  performance	  improvement.	  	  
	  
4.3.	  Lateral	  film	  morphology:	  AFM	  
Six	   P3HT:PCBM:SEG	   solutions	  with	   different	   graphene	   concentration	  were	   prepared	   using	  
the	  method	  mentioned	   in	   4.1.	   Thin	   film	   samples	   for	   AFM	  were	   prepared	   by	   spin	   casting	  
solution	  on	  0.3	  μm	  thick	  Si	  wafers	  at	  1000	  rpm.	  AFM	  height	  images	  were	  taken	  in	  a	  5x5	  µm2	  
scanning	  area	  in	  tapping	  mode,	  for	  both	  as-­‐cast	  and	  annealed	  samples.	  	  Root-­‐mean-­‐square	  
(RMS)	   roughness	   of	   the	   top	   surface	  was	   calculated	   from	   the	   height	   images	   to	   reveal	   the	  
effect	  of	  graphene	  on	  active	  layer	  morphology.	  	  
Figure	   4-­‐4	   shows	   the	  AFM	  height	   images	   acquired	   from	  5x5	  μm2	   scans	   on	   annealed	   films	  
with	   increasing	   graphene	   ratio.	   It	   is	   clear	   that	   the	   top	   surface	   of	   film	   becomes	   smoother	  
after	  graphene	  is	  added.	  To	  better	  explain	  the	  effect	  of	  graphene,	  RMS	  roughness	  is	  plotted	  
as	  a	  function	  of	  graphene	  concentration	   in	  Figure	  4-­‐5,	   for	  both	  as-­‐cast	  and	  annealed	  films.	  
The	   surface	   roughness	   first	   decreases	   with	   increasing	   graphene	   concentration,	   with	   0.02	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mg/mL	  being	  optimal	  for	  as-­‐cast	  films	  and	  0.04	  mg/mL	  being	  optimal	  for	  annealed	  films.	  At	  
higher	   graphene	   concentration,	   surface	   becomes	   rougher	   again,	   due	   to	   increasing	  
aggregations	  of	  graphene.	  For	  all	  graphene	  concentrations,	  thermal	  annealing	  always	  leads	  
to	  higher	  surface	  roughness.	  	  
The	  roughness	  of	  the	  top	  surface	  can	  be	  seen	  as	  an	  indicate	  of	  lateral	  phase	  separation	  due	  
to	   the	   immiscible	   nature	   of	   P3HT	   and	   PCBM,	   and	   reduced	   roughness	   when	   graphene	   is	  
added	   gives	   us	   evidence	   that	   graphene	   playing	   an	   important	   role	   in	   suppressing	   lateral	  
phase	   separations,	   in	   addition	   to	   vertical	   phase	   separations.	   Since	   the	   scale	   of	   phase	  
separation	   is	   considered	   to	   be	   the	   most	   critical	   factor	   in	   controlling	   the	   active	   layer	  
morphology,	  graphene	  could	  become	  a	  precise	  tool	  for	  OPV	  performance	  optimization.	  	  
It	  is	  believe	  the	  mechanism	  controlling	  active	  layer	  morphology	  in	  cells	  with	  graphene	  is	  π-­‐π	  
interaction	  between	  graphene	  and	  P3HT	  chains.	  We	  have	  previously	  reported	  the	  study	  on	  
graphene-­‐P3HT	   interactions	   (Chapter	   2.4)	   and	   found	   that	   by	   physically	   adsorbing	   onto	  
graphene	  nanosheets,	   P3HT	   chains	  provide	   the	  necessary	   support	   to	   graphene	   in	   solution	  
and	  prevent	  them	  from	  forming	  large	  aggregates,	  which	  is	  a	  critical	  issue	  in	  the	  application	  
of	  pristine	  graphene.	  During	  annealing	  process,	  strong	  physical	  adsorption	  allows	  graphene	  
nanosheets	  to	  immobilize	  P3HT	  chains	  and	  prevent	  them	  from	  reordering	  into	  large	  domains.	  
Since	   PCBM	   has	   to	   diffuse	   through	   the	   entangled	   P3HT	   chains	   during	   annealing,	   the	  
graphene	  could	  further	  affect	  the	  diffusion	  of	  PCBM	  by	  interacting	  with	  P3HT.	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Figure	  4-­‐4.	  AFM	  height	  images	  of	  P3HT:PCBM:SEG	  thin	  films,	  after	  thermal	  annealing	  at	  150	  °C	  for	  10	  
minutes.	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Figure	  4-­‐5.	  Surface	  roughness	  calculated	  from	  AFM	  height	   images.	  Black	  squares:	  as-­‐cast	  films.	  Red	  
dots:	  films	  annealed	  at	  150	  °C	  for	  10	  minutes.	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4.4.	  Solution	  aging	  effect	  
A	   variety	   of	   factors	   affecting	   active	   layer	   morphology	   have	   been	   discussed	   in	   literature,	  
including	  choice	  of	  solvent	  [87,	  88],	  annealing	  procedures	  [27,	  28,	  30],	  and	  addition	  of	  a	  third	  
component	  [89,	  90].	  A	  few	  research	  groups	  reported	  formation	  of	  P3HT	  nanofibers	  through	  
solution	   aging	   process,	   and	   the	   morphology	   [91]	   ,	   crystallization	   behavior	   [92],	   electric	  
properties	  [93,	  94]	  of	  P3HT	  thin	  film	  from	  aged	  solution	  were	  also	  studied.	  It	  is	  believed	  that	  
the	  formation	  of	  highly	  ordered	  P3HT	  nanofibers	  promotes	  the	  hole	  mobility	  μh	  in	  pure	  P3HT	  
or	   P3HT:PCBM	   blend	   thin	   films	   and	   contributes	   to	   improved	   photovoltaic	   device	  
performance	  [95].	  However,	  most	  studies	  related	  to	  solution	  aging	  effect	  choose	  a	  marginal	  
solvent	   and	   very	   low	   P3HT	   concentration,	   in	   order	   to	   promote	   the	   growth	   of	   P3HT	  
nanofibers	  with	  solubility	  difference	  under	  temperature	  gradient.	  This	   inevitably	   leads	  to	  a	  
much	   thinner	   film,	  which	   is	  not	  practical	   in	  photovoltaic	  applications.	   In	   this	   study	  we	  are	  
using	  a	  20:2	  (mg/mL)	  P3HT:PCBM	  blend	  system	  for	  photovoltaic	  device	  and	  dichlorobenzene	  
(DCB)	  as	  solvent,	  since	  we	  have	  achieved	  substantially	  improved	  BHJ	  device	  performance	  by	  
adding	   fractional	   pristine	   graphene	   into	   this	   system.	   As	   a	   continuous	   effort,	   we	   studied	  
solution	   aging	   effect	   on	   the	   performance	   of	   P3HT:PCBM	   photovoltaic	   devices,	   and	  
demonstrated	  its	  impact	  on	  active	  layer	  morphology	  through	  UV-­‐Vis	  absorption	  and	  atomic	  
force	  microscope	  (AFM).	  	  
P3HT:PCBM	   solution	   was	   prepared	   by	   mixing	   20:2	   weight	   ratio	   of	   P3HT:PCBM	   with	  
dichlorobenzene	   (DCB),	   leading	   to	  22	  mg/mL	  mixture	   solution.	   The	   solution	  was	   stirred	  at	  
60	   °C	   for	   24	   hours	   and	   then	   filtered	   using	   a	  Millipore	   0.45	  μm	  PTFE	   filter	   to	   remove	   any	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aggregates.	  After	  that	  the	  solution	  was	  gradually	  cooled	  down	  to	  room	  temperature	  (25	  °C)	  
and	  aged	  while	  stirred	  with	  a	  magnetic	  stir	  bar.	  Aging	  time	  is	  defined	  as	  the	  time	  between	  
solution	  reaching	  room	  temperature	  and	  the	  time	  when	  a	  portion	  of	  the	  solution	  was	  taken	  
out	  to	  make	  thin	  film	  or	  photovoltaic	  device.	   
	  
Solar	   cell	   devices	   with	   20:2	   P3HT:PCBM	   	   aged	   at	   different	   time	   were	   fabricated	   and	  
characterized	   following	   the	   standard	   procedure	  mentioned	   in	   Chapter	   3.	   The	   comparison	  
between	  device	  J-­‐V	  curves	  for	  different	  solution	  aging	  time	  is	  shown	  in	  Figure	  4-­‐4.	  The	  short	  
circuit	  current	  density,	  Jsc,	  increases	  with	  longer	  aging	  time,	  while	  Voc	  decreases	  for	  all	  aged	  
samples.	  The	  device	  parameters	  are	  summarized	  and	  shown	  in	  Table	  4-­‐1.	  It	  can	  be	  seen	  that	  
aging	   for	   48	   hours	   leads	   to	   decreased	   efficiency	   (η)	   since	   the	   increase	   in	   Jsc	   cannot	  
compensate	  decreasing	  Voc.	  With	   longer	  aging	  time,	   Jsc	  keeps	   increasing	  dramatically	  while	  
Voc	   levels	   off,	   leading	   to	   greatly	   improved	   η.	   	   About	   80%	   increase	   in	   η	   was	   achieved	   for	  
device	   fabricated	   from	   solution	   aged	   for	   240	   hours,	   as	   compared	   with	   cells	   from	   fresh	  
solution.	   We	   hypothesis	   that	   the	   change	   in	   device	   performance	   is	   caused	   by	   the	  
development	   of	   optimized	   morphology	   in	   20:2	   P3HT:PCBM	   solutions	   during	   the	   aging	  
process.	  Even	  after	  spin-­‐coating	  and	  thermal	  annealing,	  these	  structures	  persist	  in	  the	  active	  
layer.	  The	  composition	  and	  size	  scale	  of	  these	  structures	  are	  further	  investigated	  using	  other	  
techniques.	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Figure	   4-­‐6.	   J-­‐V	   characteristics	   of	   P3HT:PCBM	  photovoltaic	   devices	   from	  different	   aging	   time.	   Black	  
squares:	  no	  aging;	  Red	  circles:	  aged	  for	  48	  hours;	  Blue	  triangles:	  aged	  for	  120	  hours;	  Green	  diamonds:	  
aged	  for	  240	  hours.	  
Table	  4-­‐1.	  Performance	  summary	  of	  20:2	  P3HT:PCBM	  device	  with	  different	  aging	  time.	  
Aging	  time	  
(hour)	  
Jsc	  
(mA/cm2)	  
Voc	  	  
(V)	  
FF	   η	  	  
(%)	  
0	   1.08	   0.59	   0.41	   0.26	  
48	   1.12	   0.47	   0.47	   0.25	  
120	   1.95	   0.46	   0.45	   0.40	  
240	   2.27	   0.47	   0.44	   0.47	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For	  morphology	  studies,	  thin	  films	  were	  spin	  cast	  from	  20:2	  P3HT:PCBM	  solution	  at	  a	  variety	  
of	  aging	  time	  (0,	  48,	  144,	  240,	  310	  hours)	  onto	  glass	  substrates	  at	  1000	  rpm,	  followed	  by	  soft	  
baking	  at	  60	  °C	   for	  30	  minutes.	  Annealing	  was	  done	  at	  120	  °C	   for	  10	  minutes	   in	  nitrogen.	  
Thin	   films	   samples	   were	   kept	   in	   nitrogen	   filled	   glovebox	   until	   characterized.	   UV-­‐Vis	  
absorption	   of	   these	   thin	   films	   was	  measured	   using	   a	   Cary	   60	   UV-­‐Vis	   spectrophotometer.	  
Tapping-­‐mode	  atomic	  force	  microscope	  (AFM)	  study	  was	  done	  with	  height	  images	  and	  phase	  
images	  recorded	  simultaneously	  for	  1μm	  x	  1μm	  scan	  area.	  
Thin	  film	  UV-­‐Vis	  absorption	  of	  20:2	  P3HT:PCBM	  thin	  film	  composite	  was	  measured	  and	  three	  
typical	  absorption	  peaks	  (520nm,	  553nm	  and	  600nm)	  representing	  the	  conjugated	  structure	  
of	   P3HT	   were	   observed.	   Figure	   4-­‐7	   shows	   the	   absorption	   intensities	   normalized	   to	   the	  
553nm	  peak.	   The	   600nm	  peak	   represents	   the	   ordered	   P3HT	   structure	   developed	   through	  
self-­‐organization	  of	  P3HT	  chains,	  and	  the	  intensity	  of	  600nm	  peaks	  in	  Figure	  2	  indicates	  how	  
much	  ordered	  P3HT	  chains	  exist	   in	  the	  thin	  film.	  The	  peak	  ratio	  between	  600nm	  peak	  and	  
553nm	  peak	  in	  Figure	  4-­‐7	  was	  calculated	  and	  plotted	  versus	  solution	  aging	  time	  in	  Figure	  4-­‐8.	  
In	   these	   two	   figures	   the	   trend	   of	   P3HT	   chains	   reorganization	   can	   be	   seen:	   in	   the	   first	   48	  
hours	  a	  considerable	  degree	  of	  ordering	  is	  observed,	  and	  ordered	  structures,	  possibly	  P3HT	  
nano-­‐crystallites,	  are	   formed	   in	   solution.	  These	  nano-­‐crystallites	  are	  nucleating	  centers	   for	  
the	   formation	  of	  highly	   crystallized	  P3HT	  grains	  during	   thermal	  annealing	   in	   the	   film.	   	   The	  
600nm/553nm	   peak	   ratio	   decreases	   with	   longer	   aging	   time,	   indicating	   less	   P3HT	   ordered	  
structures	   in	   the	   film	   are	   present.	   This	   is	   opposite	   to	   what	   we	   initially	   expected	   since	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increasing	  600nm	  peak	  and	  higher	  degree	  of	  ordering	   is	  often	  observed	   for	  P3HT	   solution	  
aged	   for	   longer	   time	   [95].	  Our	  hypothesis	   about	   this	   transition	  of	  600nm	  peak	   intensity	   is	  
based	  on	   the	  processing	  history	  of	  our	  P3HT:PCBM	  solution:	   the	   solution	  has	  been	  cooled	  
down	  to	  room	  temperature	  slowly,	  over	  a	  period	  of	  about	  1	  hour.	  The	  slow	  cooling	  process	  
favors	   the	   formation	   of	   large	   P3HT	   crystallites,	   which	   also	   lead	   to	   large	   P3HT	   grains	   in	  
annealed	   film.	  With	   further	  stirring	  at	   room	  temperature,	   these	   large	  P3HT	  crystallites	  are	  
broken	   down	   and	   form	   finer	   crystallites,	   consistent	   with	   the	   thermodynamic	   picture	   of	  
crystal	  size	  with	  degree	  of	  undercooling	  [96].	   	  In	  the	  as-­‐cast	  films,	  these	  smaller	  crystallites	  
are	  surrounded	  by	  amorphous	  P3HT	  and	  PCBM.	  During	  thermal	  annealing,	  PCBM	  molecules	  
diffuse	  through	  amorphous	  P3HT	  and	  the	  formation	  of	  PCBM	  domains	  limits	  the	  growth	  of	  
P3HT	  crystallites,	  leading	  to	  smaller	  P3HT	  domain	  size.	  Longer	  aging	  time	  would	  allow	  more	  
time	  for	  initial	  P3HT	  crystallites	  to	  be	  broken	  down	  and	  finer	  distribution	  of	  P3HT	  and	  PCBM	  
domains.	  This	  also	  explains	  the	  performance	  increase	  we	  observed	  from	  longer	  aging	  time,	  
since	  smaller	   scale	  of	  P3HT:PCBM	  phase	  separation	  creates	   large	  donor-­‐acceptor	   interface	  
and	  facilitates	  exciton	  dissociation.	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Figure	  4-­‐7.	  Normalized	  UV-­‐Vis	  absorption	  for	  thin	  film	  spin	  cast	  from	  20:2	  	  P3HT:PCBM	  solution	  with	  
different	  aging	  time,	  after	  annealed	  at	  150	  °C	  for	  10	  minutes.	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Figure	  4-­‐8.	  Intensity	  ratio	  of	  600nm/553nm	  peaks	  calculated	  from	  UV-­‐Vis	  absorption.	  
	  
AFM	  measurements	  were	  performed	  on	  the	  same	  thermally	  annealed	  thin	  films	  used	  in	  UV-­‐
Vis	   study.	  Height	   images	   (left)	  and	  phase	   images	   (right)	  were	  shown	   in	  Figure	  4-­‐9	  and	   the	  
scan	  area	  is	  1μm	  x1μm.	  The	  color	  scale	  for	  height	  images	  are	  50nm	  and	  for	  phase	  images	  are	  
50°.	  The	  contrast	   in	   the	  height	   images	   indicates	   the	  difference	   from	  top	  of	   the	   film	  to	   the	  
AFM	  probe,	  showing	  a	  picture	  of	  surface	  roughness.	  In	  another	  hand,	  the	  contrast	  in	  phase	  
image	  indicates	  the	  difference	  in	  surface	  composition	  and	  depicts	  the	  scale	  of	  lateral	  phase	  
separation	  between	  P3HT-­‐rich	  and	  PCBM-­‐rich	  domains.	  	  From	  the	  height	  images,	  larger	  grain	  
size	  (~100nm)	  is	  be	  observed	  in	  48	  hours	  aged	  film,	  as	  compared	  to	  films	  from	  other	  aging	  
times.	   The	  phase	   image	  of	  48	  hours	   aged	   film	   confirms	   that	   these	   large	  grains	   are	  mostly	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P3HT	  crystallites.	  	  This	  is	  consistent	  with	  the	  UV-­‐Vis	  result	  that	  48	  hours	  aged	  film	  contains	  
highly	   ordered	   P3HT	   structure.	   	   On	   the	   other	   hand,	   phase	   images	   reveal	   reduced	   lateral	  
domain	  size	  with	   longer	  aging	  time,	  with	  310	  hours	  aged	  sample	  showing	  the	  finest	   lateral	  
phase	   separation.	  Despite	   the	   reduced	  domain	   size,	   the	   immiscibility	   between	   crystallized	  
P3HT	  and	  PCBM	  is	  confirmed	  by	  the	  increased	  phase	  contrast	  in	  longer	  aged	  samples,	  which	  
also	  evidences	  the	  separation	  of	  PCBM	  domains	  from	  amorphous	  P3HT.	  
Figure	  4-­‐10	  shows	  the	  room-­‐mean-­‐square	  (RMS)	  roughness	  Rq	  calculated	  from	  both	  height	  
images	   and	   phase	   images.	   An	   effect	   of	   aging	   time	   similar	   to	  what	  we	   observed	   in	  UV-­‐Vis	  
absorption	   can	   be	   seen	   from	  Rq	   in	   height	  mode:	   first	   48	   hours	   of	   aging	   increases	   Rq	   to	   a	  
maximal	  value	  of	  7	  nm,	  which	  confirms	  the	  existence	  of	  large	  P3HT	  grains.	  	  Further	  aging	  up	  
to	   310	   hours	   makes	   the	   film	   smoother,	   as	   can	   be	   seen	   in	   decreasing	   Rq	   values.	   The	   Rq	  
maximum	  observed	  at	  48	  hours	  confirms	  our	  hypothesis	  about	  the	  UV-­‐Vis	  result,	  that	  large	  
P3HT	  crystallites	  were	  broken	  down	  during	  further	  aging	  under	  stirring	  and	  longer	  aging	  time	  
leads	  to	  small	  P3HT	  domain	  size.	  	  
RMS	   roughness	   from	   phase	   images	   shows	   a	   different	   trend,	   with	   48	   hours	   aged	   sample	  
showing	   the	   lowest	   roughness	   in	   phase	   contrast,	   and	   increasing	   aging	   leads	   to	   higher	  
roughness.	   Note	   that	   Rq	   from	   phase	   images	   does	   not	   relate	   to	   the	   physical	   surface	  
roughness,	  but	   rather	   implies	   the	   contrast	   in	   chemical	   compositions,	  or	   “purity”	   of	   P3HT	  and	  PCBM	  in	  relative	  domains.	  It	  can	  be	  seen	  that	  with	  longer	  aging	  time,	  PCBM	  phase	  forms	   in	   the	   annealed	   film,	   but	   the	   lateral	   size	   of	   P3HT	   phase	   first	   increases	   then	  decreases.	   	  The	  behavior	  of	  phase	  roughness,	   in	  combination	  with	   the	  reducing	   lateral	  domain	  size,	  reveals	   the	  advantages	  of	   this	  solution	  aging	  process:	  on	  one	  hand,	  purer	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P3HT	   and	   PCBM	   domains	   are	   achievable	   by	   increasing	   aging	   time,	   which	   is	   favorable	   for	  
transport	   of	   charge	   carriers;	   on	   the	   other	   hand,	   unlike	   thermal	   annealing,	   which	   always	  
results	   in	   increasing	  P3HT	  and	  PCBM	  domain	  size,	  the	  domain	  size	   in	  solution	  aged	  films	   is	  
controllable	   and	   is	   close	   to	   exciton	   diffusion	   length.	   These	   advantages	   lead	   to	   almost	  
doubled	   power	   conversion	   efficiency	   in	   20:2	   P3HT:PCBM	   device,	   as	   compared	  with	   a	   cell	  
without	  aging	  (Chapter	  3).	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Figure	   4-­‐9.	   AFM	   height	   and	   phase	   images	   of	   20:2	   P3HT:PCBM	   thin	   film	  with	   different	   aging	   time	  
(0~310	  hrs).	   The	   scan	   size	   is	   1μm	  x1μm	   for	   all	   samples.	   (a)~(e)	   are	  height	   images	   (maximum	  color	  
scale=50	  °).	  
	  
Figure	  4-­‐10.	  Root-­‐mean-­‐square	  roughness	  Rq	  calculated	  from	  AFM	  height	  images	  and	  phase	  images.	  
Black	  squares:	  Rq	  from	  height	  images;	  blue	  dots:	  Rq	  from	  phase	  images.	  
	  
The	   substantial	   performance	   improvement	   on	   solution-­‐aged	   20:2	   P3HT:PCBM	  device	   time	  
reveals	  the	  formation	  of	  highly	  ordered	  P3HT	  in	  the	  active	  layer,	  which	  enables	  both	  efficient	  
exciton	  dissociation	  and	  rapid	  charge	  transport	  within	  the	  active	  layer.	  Although	  the	  system	  
under	   study	   is	   only	   a	   P3HT:PCBM	   system	   without	   graphene,	   if	   the	   morphology	   can	   be	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further	   studied	  and	  dynamics	  better	  understood,	   this	   simple	   yet	   versatile	   technique	   could	  
become	  a	  powerful	  tool	  in	  controlling	  active	  layer	  morphology	  of	  polymeric	  solar	  cells.	  
	  
4.5.	  Grazing	  Incidence	  X-­‐ray	  Diffraction	  (GIXRD)	  
It	   is	  well	   known	   that	   the	  high	   conductivity	  of	  P3HT	  comes	   from	   its	   self-­‐assembly	  behavior	  
and	   sharing	   of	   π	   electrons	   in	   closely	   stacked	   P3HT	   chains.	   As	   a	   result,	   the	   detailed	  
mechanism	  of	  P3HT	  crystallization	  behavior	  when	  forming	  the	  active	  layer	  of	  OPV	  device	  is	  
of	   great	   importance.	   Since	   in	   the	   P3HT:PCBM:graphene	   ternary	   system	   the	   crystallization	  
behavior	   is	   very	   complicate,	   	  we	   studied	  a	   simplified	   case	  when	   there	  was	  only	  P3HT	  and	  
graphene	   in	   the	   system,	   and	   tried	   to	   figure	   out	   the	   effect	   of	   graphene	   on	   P3HT	  
crystallization,	  which	  will	  be	  used	  as	  guidance	  for	  future	  research.	  	  
P3HT:SEG	   solutions	   of	   20:0,	   20:0.05,	   20:0.1	   and	   20:0.5	   were	   prepared	   by	   directly	   mixing	  
P3HT	  and	  SEG	  suspension	  in	  DCB,	  stirred	  overnight	  at	  60	  °C	  and	  sonicated	  for	  1	  hour.	  Thin	  
films	   were	   spin	   cast	   at	   800	   rpm,	   followed	   by	   soft	   bake	   at	   60	   °C	   for	   30	   min.	   GIXRD	  
measurement	  was	  performed	  at	  Air	  Force	  Research	  Laboratory	  (AFRL),	  Dayton,	  using	  Cu	  Kα	  
X-­‐ray	  with	  1.542	  Å	  wavelength.	   The	  out-­‐of-­‐plan	   (OOP)	   scan	  of	  P3HT:SEG	   films	   is	   shown	   in	  
Figure	   4-­‐11(a),	   showing	   1st,	   2nd	   and	   3rd	   order	   of	   P3HT	   (100)	   peaks.	   The	   fact	   that	   peak	  
intensity	   increases	   when	   0.05	   mg/mL	   SEG	   is	   added	   to	   P3HT	   suggests	   that	   the	   graphene	  
sheets	  have	  enhanced	  P3HT	  crystallization	  by	  providing	  a	  flat	  surface,	  which	  might	  act	  as	  a	  
template	   for	   physically	   adsorbed	   P3HT	   chains	   to	   crystalize.	   	   Although	   we	   have	   seen	  
suppressed	   P3HT	   domain	   growth	   in	   P3HT:PCBM:SEG	   blend,	   the	   SEG	   concentration	   that	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suppress	  the	  phase	  separation	  is	  much	  lower	  than	  0.5	  mg/mL.	  	  Actually	  we	  did	  observed	  that	  
graphene	   starts	   to	   enhance	   the	   both	   vertical	   and	   lateral	   phase	   separation	   in	   20:2	  
P3HT:PCBM	  blend	  when	  the	  concentration	  goes	  higher,	  which	  may	  be	  consistent	  with	  GIXRD	  
intensity	   enhancement.	   It	   is	   also	   shown	   in	   Figure	   4-­‐11(a)	   that	   with	   further	   increasing	  
graphene	  concentration,	  the	  P3HT	  (100)	  peak	  intensity	  decreases,	  suggesting	  the	  existence	  
of	  abundant	  graphene	  nanosheets	  in	  the	  P3HT	  matrix	  may	  play	  an	  opposite	  role:	  The	  excess	  
graphene	   present	   in	   the	   blend	   form	   barriers	   for	   P3HT	   diffusion	   through	   graphene-­‐P3HT	  
interaction,	   and	   during	   thermal	   annealing	   the	   P3HT	   chains	   are	   strongly	   immobilized	   and	  
could	   not	   form	   optimal	   stacking	   configuration	   in	   a	   limited	   time,	   causing	   crystallinity	   to	  
decrease.	  	  
Crystal	  size	  of	  can	  be	  determined	  from	  GIXRD	  peaks	  using	  Scherrer’s	  equation	  [97]:	  
𝐷 = !"!!"#  (!)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (4-­‐1)	  	  	  
In	  Equation	  4-­‐1,	  D	  is	  the	  crystal	  size,	  K	  is	  shape	  factor,	  which	  is	  assume	  to	  be	  0.9,	  λ	  is	  the	  X-­‐
ray	  wavelength,	  β	  is	  the	  full	  width	  at	  half-­‐	  maximum	  (FWHM)	  of	  the	  peak,	  and	  θ	  is	  the	  Bragg	  
angle.	  Crystal	   size	   is	  calculated	   for	  different	  P3HT:SEG	  ratios	  and	  plotted	   in	  Figure	  4-­‐11(b).	  
The	  crystal	  size	  changes	  in	  a	  narrow	  range	  between	  7.4~7.7	  nm	  and	  follows	  the	  similar	  trend	  
as	  peak	  intensity	  changes.	  The	  increasing	  crystal	  size	  is	  attribute	  to	  the	  physical	  adsorption	  
of	  P3HT	  chains	  onto	  graphene	  nanosheets.	  At	  0.1	  mg/mL	  SEG,	  crystal	  size	  reaches	  maximum,	  
indicating	   that	   graphene	   starts	   competing	   for	   P3HT	   chains,	   between	   0.1~0.5	   mg/mL	  
concentration.	  The	  fact	  that	  the	  samples	  are	  not	  thermally	  annealed	  could	  further	  supports	  
this	   hypothesis,	   since	   during	   the	   P3HT	   crystallite	   formation,	   the	   influence	   from	   graphene	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surface	   could	   be	   the	   strongest	   force	   that	   affect	   crystallization,	   and	   it	   can	   be	   reasonably	  
expect	   that	   after	   annealing	   these	   P3HT:SEG	   films	   may	   show	   a	   different	   crystallization	  
behavior	  due	  to	  the	  high	  degree	  of	  freedom	  given	  during	  thermal	  annealing.	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Figure	  4-­‐11.	  GIXRD	  result	  of	  P3HT:SEG	  blend.	  (a)	  Change	  in	  P3HT	  (100)	  peak	  shape	  and	  intensity	  with	  
different	  graphene	  concentration;	  (b)	  P3HT	  crystal	  size	  calculated	  from	  GIXRD	  peaks	  using	  Equation	  
4-­‐1.	  
	  
4.6.	  Summary	  of	  morphology	  study:	  
By	  neutron	   reflectivity	  method	  we	   characterized	   the	  morphology	  of	   P3HT:PCBM:graphene	  
thin	   films,	   and	   modeling	   of	   multilayer	   structure	   reveals	   the	   multi-­‐layered	   structure	   with	  
PCBM	  concentration	  gradient.	  Although	  the	  vertical	  phase	  separation	  in	  P3HT:PCBM	  film	  is	  a	  
spontaneous	   process	   dictated	   by	   the	   surface	   energy,	   graphene	   has	   strong	   effect	   on	  
suppressing	   the	   vertical	   phase	   separations	   in	   annealed	   films	   and	   leads	   to	   a	   more	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homogeneous	  PCBM	  distribution,	  as	  compared	  to	  20:2	  P3HT:PCBM	  film	  without	  graphene.	  
P3HT:PCBM:graphene	   OPV	   device	   performance	   thus	   benefits	   from	   efficient	   exciton	  
dissociation	  and	  rapid	  charge	  transport	  as	  a	  result	  of	  uniform	  PCBM	  distribution.	  
AFM	  study	  on	  P3HT:PCBM:graphene	  thin	  films	  shows	  the	  reduced	  surface	  roughness	  in	  both	  
as-­‐cast	   and	   annealed	   films,	   which	   indicates	   graphene	   also	   has	   an	   effect	   in	   suppressing	  
P3HT:PCBM	   lateral	   phase	   separations.	   Films	   containing	   0.02~0.04	   mg/mL	   graphene	   was	  
found	  to	  have	  the	  smoothest	  top	  surface.	  	  
Since	   graphene	   affects	   vertical	   and	   lateral	   phase	   separation	   by	   promoting	   physical	  
adsorption	   of	   P3HT	   chains	   through	   π-­‐π	   interactions.	   P3HT	   chains	   are	   immobilized	   by	  
graphene	   nanosheets	   and	   the	   diffusion	   of	   P3HT	   and	   PCBM	   are	   both	   affected,	   leading	   to	  
different	   scale	   of	   phase	   separation	   in	   both	   vertical	   and	   lateral	   directions.	   Our	   finding	  
supports	   our	   previous	   publication	   on	   P3HT:PCBM:graphene	   solar	   cell	   performance	   and	  
indicates	   that	   graphene	   can	   be	   used	   as	   a	   precise	   tool	   in	   controlling	   the	   active	   layer	  
morphology	  of	  P3HT:PCBM	  OPV	  device,	  which	  is	  critical	  to	  device	  performance.	  
Although	  the	  effect	  of	  graphene	  has	  been	  the	  major	  tool	  utilized	  in	  this	  study	  in	  improving	  
OPV	  device	   performance,	   the	  ultimate	   goal	   of	   research	   remains	   consistent	   to	  many	  other	  
research	   groups,	   that	   is,	   improvement	  of	  OPV	  device	   efficiency	  by	   all	   available	  processing	  
methods	  and	  techniques.	  As	  a	  result,	  methods	  that	  do	  not	  employ	  graphene	  in	  fabrication,	  
such	   as	   solution	   aging,	   is	   also	   worth	   studying,	   in	   the	   sense	   that	   it	   could	   provide	   strong	  
guidance	  for	  further	  improvement	  of	  OPV	  device	  containing	  graphene.	  The	  finding	  solution	  
aging	  could	  greatly	   increase	  the	  efficiency	  of	  20:2	  P3HT:PCBM	  system	  reveals	   that	   it	  could	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also	   be	   a	   useful	   tool	   in	   further	   modifying	   the	   active	   layer	   morphology	   of	  
P3HT:PCBM:graphene	  OPV	  device.	  	  	  
The	  concentration	  of	  graphene	  is	  found	  to	  have	  influence	  on	  the	  crystallization	  behavior	  in	  
P3HT:graphene	   blend.	   Crystallinity	   and	   crystal	   size	   both	   increase	   first	   with	   graphene	  
concentration,	   due	   to	   π-­‐π	   interaction	   occurred	   between	   P3HT	   and	   graphene.	   Decreasing	  
trend	   is	  observed	   in	   crystallinity	  and	  crystal	   size	  at	  higher	  graphene	  concentration,	  due	   to	  
barriers	  created	  by	  excess	  graphene	  on	  P3HT	  diffusion.	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5. Summary	  and	  outlooks	  
With	   increasing	   demand	   in	   lighter,	   flexible	   solar	   modules	   that	   can	   be	   conveniently	  
incorporated	  into	  everyday	  life,	  polymer-­‐based	  PV	  device	  has	  become	  the	  focus	  of	  research	  
interest	  of	  many	  physicist	  and	  material	  scientists.	  Although	  the	  combination	  of	  P3HT:PCBM	  
has	  shown	  great	  potential	  in	  low	  cost,	  large	  scale	  production,	  the	  inherent	  disadvantages	  in	  
the	  active	   layer	  structure	  has	  become	  the	  bottleneck	  for	   further	  OPV	  device	  development,	  
and	   formation	   mechanism	   of	   phase-­‐separated	   P3HT:PCBM	   blend	   remains	   unclear.	   More	  
importantly,	  an	  efficient	  method	  to	  control	  active	  layer	  morphology	  is	  necessary.	  This	  thesis	  
presents	  an	  approach	  that	  utilizes	  an	  altered	  active	   layer	  composition	   in	  combination	  with	  
novel	   graphene	   material,	   and	   shows	   the	   effectiveness	   of	   this	   approach	   in	   improving	   the	  
performance	  of	  P3HT:PCBM	  BHJ	  solar	  cells	  and	  defining	  the	  active	  layer	  morphology.	  	  
Through	  a	  solution	  exfoliation	  method,	  SEG	  nanosheets	  can	  be	  directly	  produced	  in	  the	  lab	  
from	   natural	   graphite	   flakes.	   This	   process	   is	   advantageous	   as	   compared	   with	   traditional	  
methods	   in	   the	   way	   that	   it	   does	   not	   require	   high-­‐energy	   source,	   and	   no	   chemical	  
functionalization	  of	  graphene	  is	  involved.	  Relatively	  high	  yield	  of	  graphene	  can	  be	  produced,	  
with	   dimensions	   and	   conductivity	   similar	   to	   single-­‐layered	   PG	   purchased	   from	   other	  
companies,	  and	  much	  less	  surface	  defects	  compared	  to	  GO	  and	  RGO,	  as	  indicated	  by	  Raman	  
spectrum.	  
The	  π-­‐π	   interaction	   between	  P3HT	   and	   graphene	   is	   studied	   through	  Raman	   spectroscopy,	  
and	  P3HT	  is	  found	  to	  be	  able	  to	  physically	  adsorb	  onto	  the	  graphene	  surface.	  This	  intimate	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contact	  enables	  a	  surfactant	  effect	  to	  stabilize	  graphene	  sheets	  in	  organic	  solvents,	  with	  the	  
present	   of	   P3HT.	   Strong	   PL	   quenching	   observed	   in	   P3HT:graphene	   blend	   indicates	   rapid	  
charge	  transfer	  from	  adsorbed	  P3HT	  chains	  to	  graphene,	  and	  graphene	  could	  be	  an	  efficient	  
acceptor	  in	  P3HT:PCBM:SEG	  ternary	  blend.	  	  
The	   solution-­‐based	  ELBL	  assembly	   technique	   is	   studied	  using	  water	   soluble	  PTEBS	  and	  GO	  
and	  a	  cationic	  binder	  C442.	  By	  modifying	  the	  dipping	  and	  rinsing	  recipe,	  selectable	  GO	  size	  
and	   controllable	   film	   morphology	   can	   be	   achieved.	   However,	   the	   application	   of	   this	  
technique	   in	  OPV	  fabrication	   is	  strongly	   limited	  by	  the	   inherent	   low	  charge	  conductivity	  of	  
GO	  and	  lack	  of	  hole	  transporting	  PETBS	  in	  the	  active	  layer.	  	  	  	  
The	  effect	  of	  PG	  on	  solar	  cell	  performance	  is	  demonstrated	  by	  20:2	  P3HT:PCBM	  cells	  with	  a	  
variety	   of	   PG	   concentration	   doped	   in	   the	   active	   layer.	   Dramatic	   performance	   increase	   is	  
observed,	  with	  more	  than	  three	  times	  increase	  in	  Jsc	  leading	  to	  about	  three	  times	  increase	  in	  
η.	  The	  performance	  increase	  is	  attribute	  to	  charge	  transport	  pathways	  formed	  by	  graphene	  
sheets	  in	  the	  P3HT:PCBM	  blend.	  EQE	  study	  shows	  graphene	  also	  influences	  the	  active	  layer	  
morphology,	   since	  not	  only	   the	  EQE	  value	   increase	  with	   the	   introduction	  of	  graphene,	   the	  
shape	   of	   peak	   corresponding	   to	   ordered	   P3HT	   structure	   and	   PCBM	   also	   changes.	   	   Device	  
physics	  regarding	  charge	  recombination	  and	  charge	  transport	  is	  also	  studied.	  Recombination	  
index	   α	   is	   extracted	   from	   the	   power	   law	   dependence	   of	   Jsc	   vs	   Pin,	   and	  more	   contribution	  
from	  bimolecular	  recombination	  is	  seen	  in	  device	  containing	  higher	  graphene	  concentration,	  
suggesting	  large	  improvement	  in	  charge	  transport	  after	  exciton	  dissociation.	  HODs	  and	  EODs	  
with	   different	   graphene	   concentration	   are	   fabricated	   by	   altering	   the	   device	   structure	   and	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thus	  the	  energy	  diagram	  of	  the	  device,	  allowing	  only	  one	  type	  of	  charge	  to	  be	  injected	  and	  
transported	   in	   the	   device.	   Electron	  mobility	   and	   hole	  mobility	   are	   extracted	   by	   fitting	   the	  
device	   I-­‐V	   characteristics	   with	   space-­‐charge-­‐limited	   current	   model,	   and	   device	   containing	  
graphene	   shows	   improvement	   in	   both	   electron	   and	   hole	   mobility.	   It	   is	   believed	   that	   the	  
introduction	  of	  graphene	  helps	  to	  solve	  the	  issue	  of	  unbalanced	  charge	  transport,	  by	  leading	  
to	  more	   improvement	   in	  hole	  mobility	   in	  P3HT:PCBM	  system,	  and	  the	  fundamental	  reason	  
for	   hole	   mobility	   improvement	   is	   the	   interaction	   between	   P3HT	   and	   graphene	   allows	  
ordered	   P3HT	   to	   form	   close	   to	   graphene	   surface,	   facilitating	   hole	   transfer.	   	   However,	  
decreasing	  hole	  mobility	  is	  also	  observed	  at	  higher	  graphene	  concentration,	  due	  to	  diffusion	  
barriers	  form	  by	  excess	  graphene	  nanosheets	  in	  the	  active	  layer.	  
Neutron	   reflectivity	   measures	   on	   P3HT:PCBM:SEG	   thin	   films	   on	   Si	   substrates,	   and	  
information	   about	   the	   P3HT:PCBM	   distribution	   in	   the	   vertical	   direction	   is	   obtained	   by	  
modeling	   the	   NR	   data	   into	   a	   layered	   structure	   with	   different	   SLDs.	   A	   PCBM-­‐rich	   layer	   is	  
always	  observed	  near	  SiO2	  surface,	  due	  to	  difference	   in	  surface	  energy	  between	  P3HT	  and	  
PCBM.	   	   Diffusion	   of	   PCBM	   towards	   the	   SiO2	   surface	   during	   thermal	   annealing	   is	   strongly	  
suppressed	  in	  films	  containing	  graphene,	  leading	  to	  uniform	  PCBM	  distribution	  for	  efficient	  
charge	  transport,	  and	  the	  optimal	  vertical	  structure	  is	  observed	  in	  20:2:0.01	  P3HT:PCBM:SEG	  
sample,	   corresponding	   to	  optimal	  device	  performance.	  A	  study	  on	   lateral	   film	  morphology	  
using	  AFM	  also	  shows	  that	  surface	  roughness	  and	  domain	  size	  decrease	  at	  lower	  graphene	  
concentrations,	   due	   to	   P3HT-­‐graphene	   interaction	   and	   immobilized	   P3HT	   chains	   during	  
thermal	   annealing.	   Surface	   roughness	   increase	   again	   at	   higher	   SEG	   concentration,	   due	   to	  
formation	  of	  aggregates.	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A	   solution	   aging	   technique	   is	   developed	   in	   20:2	   P3HT:PCBM	   system	   in	   order	   explore	   the	  
processing	   conditions	   which	   further	   improve	   device	   efficiency.	   The	   highly	   ordered	   P3HT	  
structure	  during	  solution	  aging	  is	  responsible	  for	  the	  strong	  Jsc	  and	  η	  increase	  in	  aged	  device.	  
Both	  UV-­‐Vis	  and	  AFM	  results	  suggest	  the	  formation	  of	   large,	  highly-­‐ordered	  P3HT	  grains	   in	  
the	  early	  stage	  of	  aging,	  and	  these	  structure	  are	  broken	  down	  by	  stirring	   in	  the	  later	  stage	  
into	  P3HT	   crystallites	  with	  much	   smaller	   size.	   It	   is	   the	   transition	   in	  P3HT	  domain	   size	   that	  
contributes	   to	   the	   increased	   device	   efficiency,	   since	   it	   is	   getting	   more	   close	   to	   exciton	  
diffusion	   length.	   AFM	   phase	   mode	   also	   suggests	   that	   purity	   in	   each	   domain	   is	   increased	  
slightly	  with	  aging	  time,	  which	  also	  facilities	  charge	  transport.	  	  
	  Effect	   of	   graphene	   on	   P3HT	   crystallinity	   is	   investigated	   by	   GIXRD.	   An	   increasing	   trend	   of	  
both	  crystallinity	  and	  crystal	  size	  is	  observed	  at	  low	  graphene	  concentration,	  due	  to	  physical	  
adsorption	   and	   stacking	   of	   P3HT	   chains	   on	   graphene	   surface.	   With	   further	   increasing	  
graphene	   concentration,	   excess	   graphene	   forms	   diffusions	   barriers	   to	   P3HT	   chains	   during	  
annealing,	  and	  crystallinity	  and	  crystal	  size	  both	  decrease.	  
The	   P3HT-­‐graphene	   π-­‐π	   interaction	   is	   considered	   to	   be	   the	   fundamental	   driving	   force	   for	  
graphene	  to	  affect	  the	  behavior	  of	  P3HT	  chains,	  including	  diffusion,	  physical	  adsorption	  and	  
crystallization.	   Since	   in	   the	   P3HT:PCBM	   system,	   PCBM	   is	   always	   embedded	   in	   the	   matrix	  
formed	  by	  P3HT	   chains,	   any	   influence	  on	  P3HT	  behavior	  will	   be	  propagated	   to	  PCBM	  and	  
result	   in	   change	   in	   morphology	   as	   well	   as	   thin	   film	   properties.	   Although	   the	   physical	  
properties	  of	  graphene	  is	  well	  known,	  the	  way	  that	  graphene	  influences	  the	  morphology	  of	  
P3HT:PCBM	   thin	   film	   has	   never	   been	   systematically	   studied.	   It	   is	   surprising	   to	   find	   that	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graphene	  not	  only	  possesses	  many	  fascinating	  properties,	  but	  also	  has	  strong	   influence	  on	  
P3HT:PCBM	  morphology	   even	   at	   a	   low	   concentration.	  More	   importantly,	  most	   effects	  we	  
observed	   in	  this	  thesis	  are	  very	  sensitive	  to	  graphene	  concentration,	  which	  means	  the	  film	  
morphology	  can	  be	  defined	  by	  simply	  changing	  the	  weight	  fraction	  of	  graphene	  added	  in	  the	  
film.	   Although	  more	   theoretical	   study	  will	   be	   required	   to	   fully	   understand	   the	   developing	  
mechanism	  of	  active	  morphology	  in	  polymer	  BHJ	  devices,	  we	  believe	  that	  our	  research	  is	  a	  
big	  step	  towards	  the	  controllable	  morphology	  for	  high	  efficiency	  photovoltaic	  device.	  	  
	  An	   analysis	   report	   from	   National	   Renewable	   Energy	   Laboratory	   (NREL)	   summerized	   the	  
average	   U.S.	   PV	   system	   price	   (dollar	   per	  watt,	   $/W)	   in	   previous	   years,	   and	   predicted	   the	  
price	  trend	  in	  the	  coming	  two	  years	  [98]	  (Figure	  5-­‐1).	  A	  fast	  decreasing	  trend	  can	  be	  seen	  for	  
residential,	   commercial	   and	   utility	   scale	   PV	  modules,	  with	   good	   agreement	  with	  modeled	  
price	  from	  analysts.	  According	  to	  the	  analyst	  expections,	  utility	  scale	  PV	  price	  will	  drop	  under	  
$2/W	  during	  2015,	  which	  will	  become	  very	  competetive	  to	  traditional	  energy	  resources.	  The	  
fast	  development	   in	  polymer-­‐based	  PV	  research,	   including	  new	  materials	  and	  state-­‐of-­‐the-­‐
art	  fabrication	  techniques,	  will	  expedit	  the	  commercialization	  process,	  	  and	  broader	  market	  
share	  of	  polymer	  based	  PV	  can	  be	  forseen	  in	  the	  near	  future.	  	  
The	  current	  production	  cost	  of	  our	  lab	  scale	  PV	  modules	  is	  estimate	  to	  be	  in	  	  $1000/W	  scale,	  
based	   on	   1	   inch2	   20:2:0.01	   P3HT:PCBM:graphene	   device	   with	   0.7%	   power	   conversion	  
efficiency.	   Although	   far	   from	   comparable	   to	   commercialized	   PV	  modules,	   the	   cost	   can	   be	  
greatly	  cut	  simply	  by	  scaling	  up	  device	  area,	  since	  about	  99.998%	  active	  material	   is	  wasted	  
during	  spin	  casting	  a	  1	  inch2	  thin	  film.	  That	  means	  if	  all	  active	  material	  can	  be	  used,	  the	  cost	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will	  be	  much	  lower	  than	  10	  cent/W,	  with	  efficiency	  unchanged.	  Considering	  other	  costs	  can	  
also	  be	  futher	  reduced	  and	  efficiency	  can	  be	  increased	  by	  optimizing	  fabrication	  conditions,	  
we	  strongly	  believe	  that	  the	  polymer	  PV	  modules	  price	  can	  be	  pushed	  towards	  1	  cent/W	  in	  
the	  near	   future,	   and	   this	   attractive	  price	   tag	  will	   continue	   to	  be	  a	   strong	  driving	   force	   for	  
polymer	  PV	  research.	  
Figure	  5-­‐1.	  Reported	  and	  predicted	  U.S.	  PV	  system	  price	  over	  time	  in	  2013.	  [98]	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7. Appendix:	  Vendor	  list	  for	  chemicals	  
Vendor Name Address Contact 
 
ACS materials 18 Vernon Street 
Medford, MA 
02155-2213 
USA 
 
Email: 
contact@acsmaterial.com 
Phone: (866)-227-0656 
Fax: (781)-518-0284 
 
Alfa Aesar 26 Parkridge Rd 
Ward Hill, MA 01835 
USA 
 
e-mail: info@alfa.com 
Phone: 1-978-521-6300 
Fax: 1-978-521-6350 
 
American Dye Source, 
Inc. 
 
555 Morgan Boulevard 
Baie d'Urfé, Quebec, Canada 
H9X3T6 
 
E-mail: info@adsdyes.com 
Phone: +1 (514) 457-0070 
Fax: +1 (514) 457-0071 
 
Fisher Scientific 
Company LLC 
4500 Turnberry Drive 
Hanover Park, IL 60133-5491 
USA 
Phone: 800-766-7000 
Fax: 800-766-7000 
Graphene 
Laboratories Inc. 
4603 Middle Country Road, 
Suite 125  
Calverton, NY, 11933 
USA 
 
info@graphenelabs.com  
Phone: (516) 382-8649  
Fax: (781) 287-1248 
 
Heraeus Holding 
GmbH 
 
Postfach 1561 
D-63450 Hanau 
Germany 
 
Phone: +49 (0) 61 81 / 35-0 
Fax: +49 (0) 61 81 / 35-35 
50 
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Nano-C 
33 Southwest Park 
Westwood, MA 02090 
USA 
Email:nanocinfo@nano-
c.com  
Phone: 781-407-9417 
Fax: 781-407-9419 
 
 
Rieke Metals Rieke Metals, Inc.                                                 
1001 Kingbird Road                                                    
Lincoln, NE 68521 
USA   
 
Phone: 402-434-2775 
Fax: 402-434-2775 
 
Sigma-Aldrich PO Box 14508 
St. Louis, MO 63178 
USA 
 
Phone: 800-325-3010  
Fax: 800-325-5052 
 
	  
